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William L. Robison, Cynthia L. Conrado, and Kenneth T. Bogen, An Updated
Dose Assessment for Rongelap Island, Lawrence Livermore National
Laboratory, Livermore, CA, UCRL-LR-107036 (July 1994).

The authors regret that a typographical error went undetected throughout
the review of this report. On page 7, Table 3, in the fourth column heading of
Plutonium aerosol concentration, the heading under concentration (Bq m-3)
should be corrected to (WBq m-3). We apologize for any inconvenience this
error may have caused the readers.
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1 trips to | the atoll durin y 1986
essment is ten fold greater than

presented along with details about the methods used

to calculate the dose from each exposure pathway.
The doses are calculated for a ]N"!:»l'1bl|1i"ll’l'i"l'll date of January 1, 1995. The

maximum annual effective dose is 0.26 mSv b -1 (26 mrem ¥ b,

The estimated 30-,

50-, and 7 l‘y nnlm rral effective doses are 0.0059 Sv (0.59 rem), 0.0082 Sv (0.82 1r|i='rn)

and 0.0097 Sv (0.97 rem), respectively.
due to 137-Cesium (137Cs).
20-Strontium (905r),

More than 95% of these estimated doses

and about the s:
(239+240P1), and 241 ~Americium (241 Am).

S are

About 1.5% of the estimated dose is contributed by
ame amount each by 239+240-Plutonium

Introduction

On March 1, 1954, a nuclear weapon test,
code-named BRAVO, was conducted at Bikini
Atoll in the northern Marshall Islands.
explosive yield of the detonation pwr«enant]lv
exceeded expectations, with the result that
radicactive material in the cloud was three-to-
five times what was expected. Thus, despite the
attention that was given to meteorology in the
operational planning, moderate to heavy fallout
was experienced at the Rongerik, Rongelap,
Ailinginae, Ailuk, Taka, Mejit, and Utirik
Atolls, located to the east of Bikini. Rongelap
and Utirik were inhabited by Marshallese. A
small number of Rongelap residents were visiting
aninhabited Ailinginae, and a small detachrrent
of U.S. nm]hxl«ur'y personnel were stationed on
Rongerik. These people were removed from all
four atolls as soon as evacuation resources could
be deployed. The Rongelap evacuation
cormnmenced about 47 hours after the first arrival
of fallout and was completed within a few hours.
Most of the acute dose received by th
residents was attributable to many short-lived
radionuclides. In contrast, by the time they
returned to their atoll three years later (June,
1957), many of these radionuclides had decayed.
However, some radionuclides with intermediate
half-lifes, such as 55-Iron (35Fe), 65-Zinc (65Zn),
and 60-Cobalt (60Co), did contribute to the dose
people received in the first two or three years
(Lessard et al., 1980a) after their return.
Currently, the Immg,, lived radionuclides, 137Cs,

05y, 239+240Py, and 241 Am, contribute most of the

el
S

dose to inhabitants of Rongelap Island from man-
made sources.

In 1978, in anticipation of the termination of
its role as trustee uncler the United Nations
Trusteeship Agreement, the United States
governrment decided to conduct an aerial survey
of several atolls east of Bikini Atoll in the
direction of the BRAVO fallout pattern to
determine the external gamrna-exposure rates.

The survey, known as the Northern Marshall
Islands Radiological Survey (NMIRS), was to be
conducted using the USNS Wheeling and
helicopters in which the EG&G gamma detectors
had been mounted. Based on our work at
Enewetak and Bikini Atolls indicating that the
terrestrial food chain was potentially the most
significant exposure pathway, we strongly
recommended that sampling of soil, vegetation,
marine species, and water be included as part of
the survey to cover all exposure pathways.
Consequently, the survey was expanded to
include terrestrial and marine sampling using
the same vessel to provide logistical and boat
support, and limited on-board sample handling.
The high cost of ship operation and the time
1.'¢=.~q[mn=ndl to do the aerial survey at each atoll
were important factors influencing the extent of
the sampling program.

The terrestrial and marine sampling was
‘:ilt=-=»qa'm=~:it as a screening program. The goal was to
acquire s‘mn]pulm. at as many islands at an atoll as
possible in the time available to (1) provide
data for a preliminary dose assessment at the




islands and (2) identify those islands or atolls
where additional sampling and analysis may be
required (Robison et al., 1981a). A dose
assessment was made based on the limited data
from the screening survey to determine the dose
people living on Rongelap Island would receive
between 1978 and 2050 (Robison et al., 1982).
Estirnates of the dose Rongelap inhabitants
received from 1957 through 1978 were reported
by Lessard et al. (Lessard et al., 1980a).

Since the 1978 survey, we have collected and
analyzed additional samples from Rongelap
Atoll. This has resulted in an extensive
expansion of the data base for both Rongelap and
Kabelle Islands.

~ In 1985, the Rongelap people were relocated
to an island at Kwajalein Atoll where they
remain today. In this report we use data from
the 1978 NMIRS and the larger amount of data
developed from sampling trips to Rongelap Atoll
from 1986 through 1993, to estimate the dose
that people would receive if they were to
resettle on Rongelap Atoll.

The doses are calculated
resettlement date of 1995.

As noted below, we also have had access 10
and have found useful data from earlier surveys,
for example, those done by the University of
Washington (LRE) in 1959 and 1961 (Walker and
Gessel, 1985).

assuming a

Exposure ]I-"..anl hways

The radiological dose to inhabitants at a
contaminated atoll occurs from both external and
internal exposure. Each of these two categories
can be broken down further into the following
exposure pathways:

(1) External Exposure

A, Natural Background Radiation
B. Nuclear-Test-Related Radiation
(2) Internal Exposure
A. Natural Background Radiation
B. Nuclear-Test-Related Radiation
'l Radionuclides in Terrestrial Foods
. Radionuclides Inhaled
':l.‘ Radionuclides in Marine Foods
4. Radionuclides in Drinking Water

The above internal exposure pathways are listed
in descending order of their contribution to the
total estimated radiological dose at the atolls
(Robison et al., 1987). The terrestrial foods are
of importance because of the uptake of 137Cs by
vegetation; these foods account for about 60% of

the total estimated effective dose. The dose
from the external gamma pathway is also
primarily due to 137Cs. Consequently, about 95%
of the total estimated effective dose at Rongelap
Island is due to 137Cs. The contribution of the
905y, 239+240Py, and 241 Am is generally less than
5% of the total estimated effective dose, but does
vary at different atolls and islands.

The external natural background radiation
exposure in the northern Marshall Island Atolls
is 3.5 uR h~1 or 0.22 mSv y-1 (22 mrem y-1) due
cosmic radiation. The external background dose
due to terrestrial radiation is very low in the
Marshall Islands. The internal effective dose is
about 2.2 mSv y-1 (220 mrem y-!) for natural
occurring radionuclides such as 40-Potassium
(40)), 210-Polonium (210Pa), and 210-Lead
(210Pb), that result from consumption of local and
imported foods. The natural background dose is
not included in the doses presented in this paper
unless specifically stated.

Data Bases

External Exposure Measurements

The external exposure rates at lhmnlg;;'s']la.p
and Ailinginae Atolls were measured by EG&G
as part of the aerial survey conducted in the
1978 NMIRS (Tipton and Meibawm, 1 The
average exposure rate on Rongelap Island as

:nnueaars;ul1r'|5’1:1i by EG&G in 1978 was about
4.5 uR h-1. The EG&G external exposure
contours for TIWGC‘: are shown in Figure 1. In 1988,
we made a series of external gamma
measurements at the two atolls with our in-situ

2
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gamma-spectroscopy system and compared them
with the EG&G aerial ganmma measurement of
1978. As part of this process, an independent
reviewer, Dr. Herwig Paretzke of the German
Radiation Institute in Munich, Germany,
participated in the measurements to evaluate
our methodology and compare our results with
the EG&G 1978 data. The results of the
measurements made using our in-situ sodiurm
iodide crystal .ir|->|=~r‘1t1r'1:mnMﬂr systern and - the
EG&G data are listed in Table 1. EG&G's data
were listed as ranges for each contour. Our
locations were within the specified contour
ranges.

In addition, in 1988, LLNL staff took more
specific external gamma measurements of
137Cs and 60Co inside and outside of houses and
other l'mmlldlmp;s, as well as around the village
area. These measuremnents could not be taken
with the aerial-measurement system used in
1978. The buildings provide shielding so that
the exposure rate is reduced compared to the

Table 1
measuvements for 137Cs,

exposure rate determined from open-air gamma
measurernents (McGraw and Lynch, 1973; Robison
unpublished data from Bikini Island, 1987);
based on measurements at Ron, lg;;ﬁ']larp Island
(Table 2) the reduction factor is about 2. Also, it
is customary in the Marshall Islands to place
crushed coral around the houses and the village
area. This provides an additional shielding
factor. The shielding by buildings and crushed
coral must be considered when estimating the
dose to the people living on the island. The
results from our measurements inside the houses
and in the smrmmmdtm;'ﬁ area of the houses and the
village are shown in Table 2.

The data presented here from both the 1978
aerial survey conducted by EG&G and from our
own more specific measurernents made in 1988,
are decay corrected to 1995 and form the basis for
our estimate of the external dose people would
receive while living on Rongelap Island. The
maximum effective dose occurs in the first year
and is about 0.11 mSv y~1 (11 mrem y-1).

. Comparison of the EG&G aerial gamma measurements with the LLNL in-situ gamma

137Cs, pR h-1

Island /Site LINLa EC&G aerial contoursa
Rongelap
R23 2.1 1.6~2.8
R25 35 1.6~2.8
Pit22 : 3.7 2.8-4.1
R20 2.6 1.6-2.8
R18 : ' 38 1.6-2.8
R9a 26 1.6-2.8
R9%b 2.6 1.6-2.8
R13 v 1.7 1.6-2.8
Ailinginae
C24 (.98 0.51-0.98
C23 1.5 0.98-1.5

a  Decay corrected to 1995.



Table 2. External 137Cs gamma exposure-rate measurements in and around the houses and village area

of Rongelap Island.

137Cs, R h-l

Number

Location of sites Mediana Meana Standard deviation
In house ) 12 0.79 0.83 0.32
Qutside house 22 1.5 1.7 0.98
General village sites 16 2.2 24 0.85

a  Decay corrected to 1995.

External Beta-Particle Exposure

The unshielded beta contribution to the
external dose was estimated for Enjebi Island at
Enewetak Atoll in 1980 (Crase et al., 1982). The
average beta dose at 1-m height over open
ground was 29% of the external gamma dose. The
beta dose is delivered, for the most part, to the
first centimeter of tissue, the so-called “shallow
dose” and, therefore, should not be added to the
external gamma dose in estimating the
wl.'n:»]l1:3--|:nzudly ce More recent stuclies at Bikind
Atoll using new, thinner thermoluminescent
dosimeters (TLDs) indicate that the dose over
open ground at I-cm height is about three times

that at 1-m height (Sh 1ur|<i'1l¢=' ton et al., 1987).
Thus, the unshielded I'n=v|‘=| dose at IL—(.m on
Rongelap Island could be equal to, or slightly
greater than, the external garnma dose. For some
portion of one da v, pec )pl«m do sit or lie on the
ground where the 1-cm exposure may be relevant.
However, for a significant part of the day, the
eyes, upper body, and gonads are at 0.8 m or more
in height above the 12'1'(_»|.un<.l surface.

Moreover, it is irnportant to realize that the
beta dose to skin, for a nurnber of reasons, will be
significantly less than that determined from the
unshielded TLDs placed over open ground. The
walls and floors of the houses and the crushed
coral custornarily placed around houses and the
village area absorb most of the beta radiation.
Because 'pm:i]p'lcs- spend a significant amount of

their time in these areas, their exposure to beta
particles is greatly reduced. In addition, any
clothing, shoes, zories, Pandanus mats, or other
coverings also greatly recluce exposure to beta
radiation.

rations

nuclide Con

Airborne Radi

Airborne concentrations of 239+240Py and
41Am are estimated from data developed in
resuspensi ion |:~><'*p~£=*1riirnus-nits conducted at Enewetak
Atoll in February 1977, and at Bikini Atoll in
May 1978. We brief ly describe the resus lgns'ru;nr»n
methodology here; more detail can be found in
Shinn et al. (1989). The dose from 137Cs and %0Sr
are orders of magnitude lower than that from
239+240Pu and 241Am and, consequently, are not
listed.

Our study conducted on Bikini Island in May
of 1978, provides a more (mnrn]p»]lwl,e set of data
than our preliminary studies on Enjebi Island at
Enewetak Atoll in February of 1877. (Subsequent
studies were conducted on Eneu Island at Bikini
Atoll.) The Bikini Island ;i-uu:l'y included (1)
extensive soil sampling and in-situ gamma
spectroscopy to c.l«E:l.'e1nr|7u.11u£: isotope concentrations
in soil and vegetation; (2) various air-sampling
procedures to determine particle-size
distribution, and radioactivity; and (3)
micrometeorological techniques to determine
aerosol fluxes.

Four simultaneous experiments were
conducted: (1) a characterization of the normal
(background) suspended aerosols and the
contributions of sea spray off the windward
beach leeward across the island, (2) a study of
resuspension of radionuclides from a field
purposely laid bare by bulldozers to provide a
worst-case condition, (3) a study of resuspension
of radicactive particles by vehicular and foot
traffic, and (4) a study of personal inhalation
exposure usi ng small air samplers carried by
volunteers during daily routines. Less complete
studies similar to those of (1) and (2) had been




performed previously on Enjebi Island and
background studies similar to that of 1 were
performed later on Eneu Island.

The “normal” or “background” mass loading
(the mass of solid material per unit volurne of
air) measured by gravimetric methods for both
atolls is approximately 55 pug m-3. The Bikini
experiments at Bikini Atoll show that about
34 pg m-3 of this total is due to sea salt, which is
present across the entire island as a result of
ocean, reef, and wind actions. The mass loading
due to terrestrial origins is, therefore, about
21 pg m-3. The highest terrestrial mass loacling
observed was 136 pg m-3 immediately after
bulldozing.

Concentrations of 239+240Py in collected
aerosols were determined in areas (1) with
normal ground cover and conditions in coconut
groves, (2) with high-activity conditions, i.e.,
areas being cleared by bulldozers and being
tilled, and (3) with stabilized bare soil, i.e.,
cleared areas after a few days of weathering.
The plutonium concentration in the collected
aerosols is different from the plutonium
concentration in surface soil for each of these
situations. We have defined an enhancement
factor (EF) as the 239+240Py concentration in the
collected soil aerosol mass (corrected to sea-salt
mass) divided by the 239+240Py concentration in
surface-soil (0- to 5-cm).

The EF obtained for normal conditions (using
standard, high-volume air samplers) is less than
1; the EF for the worst-case, high resuspension
conditions is 3. The observed EF's at Bikini and
Enewetak Atolls are surmmarized in Table 3. The
EF of less than 1 (EF < 1) for the normal, open-air
conditions is apparently the result of selective
particle resuspension in which the resuspended
particles have a different plutonium
concentration than is observed in the total 0- to
5-cm soil sample. In other words, the particle
size and density, and the corresponding
radionuclide concentration of normally
resuspended material, is different from that of a
representative 0- to S-om soil sample. In
addition, approximately 10% of the mass
observed on the filter is organic matter, which
has a much lower Pu concentration than the soil.
Similarly, the enhancernent factor of 3 for high-
resuspension conditions results from the increased
resuspension of particle sizes with a higher

plutonium concentration than that observed in
the total 0~ to 5-cm soil sample.

We have developed additional personal
enhancement factors (PEF factors) from personal
air sampler data. These data are normalized to
the high-volume air sampler data for a
particular condition and represent the
enhancement that occurs around indivicuals due
to their daily activities. These data are also
summmarized in Table 3. The total enhancement
factor used to estimate the amount of suspended
plutonium is the EF multiplied by the PEF.
Consequently, the total enhancement factor
(TEF) used for normal resuspension conditions is
1.5 (0.82 x 1.9) and for high resuspension
conditions, 2.9 (3.1 > (L.92).

To calculate inhalation exposure, we assume
that a person spends 1 h d-1 in high resuspension
conditions (mass loading = 136 pug m-3), 23 h d-1
under normal resuspension conditions (rmass
loading = 21 pg mr3) and has a breathing rate of
23 m3 per day (1.2 m3 under high resuspension
conditions and 21.6 m? under normal resuspension
conditions).

The radionuclide concentrations in surface
soil (0~ to 5 cm) for Rongelap Island complete

A
the information necessary for calculation of
plutonium and americium intake through
inhalation.

The median 29+240Py and 241 Am concentration
in surface soil in the island interior region is a
factor of 6 higher than the 239+240Py and 21Am
concentration in surface soil in the village and
housing area (Table 4). We assume for the 1 h d-1
in high resuspension conditions, that the
resuspended soil aerosol is based on the island
interior value for Pu and Am concentration in
surface soil and that a person breaths 1.2 m3 of
air during that 1 h period. The 23 h spent in
normal resuspension conditions is broken down as
follows:

» 7 h d-l in non-occupational activity
conditions in the island interior (island interior
median Pu and Am concentrations in soil) in
which 8.4 m? of air is breathed.

o 7 h d-1 in non-occupational activity in
the village area (village median Pu and Am
concentration in soil) in which 8.4 m? of air is
breathed.

* 9 hd-1in resting conditions in the village
area (village median Pu and Am concentrations
in soil) in which 4.8 m? of air is breathed.

6
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Table 4. The median concentration in Bq g-1 dry weight of 137Cs, 08¢, 29+40 Py, and M1Am in soil at

Rongelap Island.

Soil depth, No.of No. of

No. of Nuo. of

an samples  13/Cgn samples  908ra samples 23%+2400Py  samples 241Am

0-5 (Interior) 401 0.48 (0.45) 16 0.19 (0.12) 196  0.13 (0.11) 366 0.096 (0.099)
0--5 (village) 131 0.11 {0.19) 4 0.16 (0.11) 110 0.019 (0.031) 90  0.015 (0.024)
5-10 345 0.22 (0.29) 20 0.12 (0.18) 16 0097 (0.092) 255 0.034 (0.069)
1015 347 0.10 (0.16) 20 0.11 (0.15) 18 0.018 (0.036) 169  0.018 (0.026)
15-25 346 0.040 (0.082) 20 0.081 (0.089) 18  0.0073 (0.0097) 93  0.0070 (0.026)
25-40 340 0.013 (0.028) 21 0.052 (0.061) 19  0.0033 (0.0047) 41  0.0028 (0.0023)
40-60 302 0.0069 (0.024) 0 0o - 21 0.0014 (0.0049)
O-40 330 0.13 (0.10) 17 0.11 (0.080) 13 0.030 (0.024) 20 0.030 (0.028)

2 Decay corrected to 1995. Number in parentheses is the standard deviation.

The basic equation for calculating the amount
of Pu or Am inhaled is: Pu or Am inhaled = Cs x
(TEF) x M x I = B d-1,
where Cs = the concentration of ]"ul (:u,' Amin
surface soil in Bq pg -1
M = the mass loading in Mg m- 3
I = the inhalation rate in the m3 d-1
(TEF) = the total enhancement factor for
either high or normal resuspension

conditions
The daily inhalation of 239+240Pu and 241Am
based on the scenario described above is

0.10 mBq d-1 (0.037 Bq y-1) and 0.078 mBq d-1
(0028 Bq y-1), respectively.

Radionuclides in Drinking Water

The drinking water pathway contributes a
small portion of radionuclides to the total
estimated dose at Rongelap Island. The major
source of water used in cooking and for drinking is
rainwater that is collected from the roofs of
houses and other buildings and stored in cisterns.
Two cistern and one ground water sample were
collected and analyzed for 137Cs, 905y, 239+240Py,
and 241Am as part of the NMI l\., {Noshkin et al.,

1981a). The source of radionuclides in the cistern
water is generally vegetation that falls into the
cisterns through openings in the top of the

cisterns or from dust washed off of the roofs when
it rains. If extreme drought conditions occur, then
the freshest ground water available is used.
Only one ground water sample was collected on
Rongelap Island. The concentrations of
radionuclides in both cistern water and ground
water are listed in Tables 5 and 6. The collected
rainwater has very low concentrations of 137Cs
and %0Sr, while the ground water concentrations
are higher; the concentration of transuranic
radionuclides is simnilar in the ground water and
cistern water. )

For the dose estimates, we use an intake of
1L d-1 of drinking water. We assume for the dose
assessment that cistern water is available for
60% of the year and that ground water is used for
40% of the year. The people are very fond of
sodla (colas, orange soda, root beer, and others)
and fruit drinks. These drinks are frequently
available and account for some of the daily fluid
intake. The total c.lclii]l'y drinking fluid intake
from all these sources is between 2 and 2.5 L d-1.
Water consumption from foods (soups etc.) are not
included.

Radionuclides in Marine Foods
The concentrations of 137Cs, 90§y, 239+240Py

and 241 Arnin marine foods are listed in Tables 5
and 6. Most of the data resulted from work
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conducted at Rongelap Atoll by Dr. V. Noshkin;
the sources of the data are identified in the
table footnotes. The data in the tables have
been decay corrected from the date of the
reported results to our target date of 1995.

Radionuclides in Soil

The median concentration of 137Cs, 908,
239+240 P, and 241 Am in surface soil for interior
and village areas, and soil profiles on Rongelap
Island are listed in Table 4. The decrease in
activity with depth is exponential with about
80% of the activity in the top 15 cmn of the soil
oolumnn.

We have included in the diet model,
100 mg/d of surface soil that may contaminate
the food during preparation or on the hands of
the people where it might be ingested.
Consequently, for the Imports Available diet,
surface soil accounts for 56% on the 239+240Py
daily intake, and 72% for the 241Am daily
intakes. For the Imports Unavailable diet, soil
ingestion accounts for 22% and 39% for the
2W+240Py and 241Am daily intakes. The daily
intake of 137Cs and 905r via soil ingestion is
lrne~5,,l11§z;|l le cornpared to the other foods. In Tables
5 and 6, the mean surface soil concentrations for
137Cs, 90Gyr, 239+240Py, and 241 Am are presented to
account for the time distribution spent in the
village versus the interior of the island. We
assume people spend 16 h d-1 in the village, 1 h
d-1 on the beach, and 7 h d-1 in the interior of
Rongelap Island. More detailed results showing
mean, median, ranges and other statistical
information for the ‘mtl Laqa;lz' and the interior of

Rongelap Island are listed in Appendix A.

The majority of 241Am in soil profiles below
10 ¢em are under the minimum detection limits.
The values for 241 Arn presented in this report are
based on only a small number of the total

samples collected and analyzed since we do not

report values below the minimum detection
limit. Therefore, the statistics presented would
be much lower if we had real values for the
"iilll’l['l]p]l(i‘ﬁi that gave us minimum detection limits.
For the soil depths of 10-15 cm, 15-25 cm, 25-40
and 40-60 cm the percent below the minimurn
detection limit are approximately 50%, 70%,
80%, and greater than 80%.

Radionuclides in Terrestrial Foods

The mean concentrations of radionuclides in
food crops grown on Rongelap Island are listed in
Tables 5 and 6. The numbers of samples that
were averaged to derive each of the mean
values, as well as the median and range of
valuegs, are listed in Appendix B. The
distribution of our ﬁsmmplmg sites on Rongelap
J.:Jl.mdl is shown in Figure 2.

The concentrations of 137Cs in foods from
Rongelap Island, based on all the data from 1986
through 1993, are compared in Table 7 with the
adjusted values used in the 1982 preliminary
assessment (Robison et al., 1982) that was based
on the 1978 NMIRS.

The reason for adjusting the 1978 data is
outlined below. During the 1978 NMIRS, U.5.
personnel conducting the survey collected all
coconut, Pandanus, breadfruit, other vegetation,
and soil samples. All of the coconuts collected on
Rongelap Island (and the other islands) were
assumed to be drinking coconuts. The 137Cs
concentration of 0.20 Bg g-1 (5.5 pli g-1) in these
coconut .aurmple-s; was used hmr he drinking coconut
meat value in the dose assessment. A value for

copra meat was estimated from this “assumed”
drinking coconut meat value and was taken as
0.28 Bq g (7.6 pCi g-1).

As we progressed with our program from 1979
to the present, we have had Marshallese
assistants select and classify the coconuts as
drinking or copra coconuts. We found that we
could differentiate between drinking coconuts
and copra coconuts, as selected by the
Marshallese staff, by measuring the dry to wet
ratio of the coconut meat. If the coconut meat dry
to wet ratio is greater than (.45, then the
coconuts fall into the copra class, and if the ratio
is less than 0.45, they fall into the drinking
coconut class.

When we al]p"plv these criteria to the
coconuts collected in 1978, we find that most of
the coconuts collected by U.S. personnel in 1978
were really copra coconuts; only three of the
seventeen coconut samples collected were
drinking coconuts. Consequently, the
concentration of 0.20 Bg g-1 (5.5 pCi g-1) used in
the 1982 dose assessment was much too high for
the drinking coconut class because the 137Cs
concentration is higher in copra coconuts than in
drinking coconuts.
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Table 7. Cesium-137 concentration in Bq g1 wet weight in Rongelap Island vegetation (decay corrected

to 1995).

Time period Drinking

coconut meat

Drinking
coconut fluid

Copra

meat Pandanus Breadfruit

1978 (NMIRS) 0.065 32—
19861993 0.071 (433) 0.032 (427)

0.27 (16}
0.25 (116)

0.068 (1)
0.13 (40)

0.16 (14)
0.12 (108)

a Number of samples in parentheses.

The comparison in Table 7 is based on the
readjustiment of the class of coconuts collected in
1978. The results for samples collected in 1978
and those collected from 1986 through 1993 are
very similar for all food products even though
there was a very limited sampling in 1978.

Diet

The estimated a verage intake of local and
imported foods used in the dose assessment is a
very important parameter; radiological dose
will scale t.l]llrlE'("ll‘V with the total intake of
137Cs, which is proportional to the quantity of
loc Il‘y grown foods that are consumed.
Therefore, a reasonable estimate of the average
daily consumption rate of each food item is
essential. Qur laboratory, and independent
comrnittees, in concert with local government
authorities, with the legal representatives of
the people, and with Peace Corps
representatives, and anthropologists have
endeavored to establish and document pertinent
trends, cultural influences, and economic realities
------ with the hope that our estirmates may be
:imxmill'y based.

The diet model we use for estimating the
intake of local and imported foods is presented in
Tables 5 and 6. The basis of this diet model was
the survey of the Ujelang community in 1978 by
the Micronesian Legal Services Corporation
(MLSC) staff and a Marshallese school teacher
on Ujelang (Robison et al.,, 1980). The results
were presented for women, men, teenagers, and
children.  Adult intake exceeded that of
teenagers and children, and the intake of local
food was about 20% greater for women than for
men. The higher intake attributed to women is
unexplained and certainly questionable. It is

indicative of the acknowledged uncertainty in
dietary estimates. Nevertheless, we believe
that the MSLC survey provides a reasonable
basis for estimating dietary intake. Pending the
availability of empirical data, we have chosen
to use the higher (female) diet as our diet model
rather than attempt further speculative
refinement.

Our choice of this diet model is supported by
other considerations. The estimated intake of
coconut, which dominates the potential dose to
people, is higher in the Brookhaven National
Laboratory (BNL) diet than in our diet model;
this difference arises in part from the fact that
the BNL estimates were for food prepared
rather than for food actually consumed. A more
detailed comparison of the Ujelang Diet Survey
with ]hu;;"h er dietary intake estimated by the
BNL is presented in Robison et al. (1980). A
comparison of the estimated body burdens from
our dose model using the MLSC diet and from the
BNL A and B diets against actual whole-body
measurements of the Rongelap and Utirik people
made by another BNL team shows that the
MLSC diet predicts observed body burdens more
closely than does the BNL diet (Robison, 1983;
Miltenberger et al., 1980a; Lessard et al., 1980a,
1980b). In fact, predictions of body burdens and
doses using our diet model are very close to the
whole- hnm:iw' measurements of the population, as
is illustrated in Figure 3. The “local-foods <:Jnntly""
diet (imported foods unavailable) and the BNL
A and B diets lead to body burdens greatly in
excess of those observed by direct whole-body
measurements.

Further support of our diet model is found in
other estimates of coconut consumption. The
current estimate of consumption of coconut meat
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Figure 3. Comparison of 137Cs body burdens estimated using various diet models with actual whole

body measurements at Rongelap Island.

and fluid in our diet model of about 1 to 1.5
coconuts per day, per person, averaged over a
year is consistent with estimates of an average of
0.5 and 1.0 coconuts per day, per person, made by
two Marshallese officials with considerable
experience in living habits at atolls other than
Majuro Atoll (DeBrum, 1985).

Based on data published by Mary Murai in
1954, the average intake of coconut products was
drinking coconut fluid, 95 mL d-1; copra meat,
48 g d-1; and drinking coconut meat, 10 g d-1;
hmwmmr, sprouting coconut was not m'f'mtlutmm.l
(Murai, 1954). The total intake is essentially
the same as the results of the Ujelang Survey. It
might be noted that consumption of local foods in
1954 was higher than tmdny

Moreover, the Bikini Atoll Rehabilitation
Committee (BARC) asked for a survey on coconut
consumption by the Bikini community (Bikini
Atoll Rehabilitation Committee, 1986). The

2

result of the limited survey was that coconut
1:‘:*»1r|<5*.uurn]p»Iu.) n was about one-third of that
indicated in the MLSC diet listed in Table 5.
Similarly, in the summary of a survey conducted
during July and August of 1967 at Majuro Atoll,
the average coconut use was reported to be
approximately 0.5 coconut, per day, per person
(Domnick and Seelye, 1967). This included young
drinking coconuts, old nuts used for grated meat
and pressed for small volumes of milk, and
sprouting nuts used for the sweet, soft core. Data
frorn Eneu Island show that an average drinking
coconut contains 325 mLl of fluid (standard
deviation equals 125 mlL), so that even if the
entire average coconut use of 0.5 per day were all
drinking nuts, the average intake would be about
160 g d-1. This is in agreement with the results
1hr<mm| the MLSC survey at Ujelang.

perience at Enewetak Atoll also supports
our model. In past years, coconuts have been

-
) 9

)7y
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brought to Enewetak Atoll from Ujelang Atoll.
Sufficient quantities have been available for the
average consurnption rate to have been 1 coconut
per day, per person, if all coconuts were
consumed. Howewver, all the coconuts were not
consumed, a significant number were fec to pigs or
left to decay, and thus the average coconut
consumption rate has been less than 1 coconut per
person per day (Wilson, 1985). In short, the
average coconut consumption rate in our diet
maodel appears to be somewhat higher than in
other sources of information we have found,
except the BNL report.

Another way to evaluate the general
validity of a proposed diet moclel is to determine
the total daily intake in terms of mass and
calories. A summary of the grams per day (g d-1)
intake of solid foods plus milk products and
liquids in our diet model compared with average
US. diets is listed in Table 8. Also listed are the
average kilocalories per day (kcal d-1) intake
for the diet model when imported foods are both
available and unavailable, and for the U.5.
population from three different sources (Yang
and Nelson, 1986; Abraham et al., 1979; Rupp,
1980). The average food intake reported for
Japan by Hisamatsu et al. (1987) and by the
Japanese ]Buhurlns»ihr y of Health and Welfare is
1253 g d-1 and 1352 g d-1, respectively
(Hisamatsu et al., 1987).

Table 8. Comy
average adult diet for the U

'niitecl States.

The intake of about 1440 g d-1, including
milk products (1164 g solids + 274 g milk) in our
diet model when imported foods are available,
is higher by about 200 to 400 g d-1 than the
results from the U.S. and Japanese surveys that
also include milk and milk products. The
3208 keal d-! in the diet model exceeds the U.5.
average by a little more than 1000 kcal d-1. The
average recommended allowances for caloric
intake range from 2000 to 3200 kcal d-1, and
individual recommended allowances from 1600 to
4000 kcal d-1 (Dietary Standard for Canada,
1964; FAQ), 1957; Joint FOA,WHQ/UNU, 1985;
ICRP, 1975; NAS, 1980).

This comparison shows that our diet 1r1rn*ml¢a:l,,
based upon the MLSC survey at Ujelang Atoll, is
not seriously at variance with the U.S. and
Japanese data for g d-1 intake or for total daily
calories consumed.

The calculation of body burden, dietary
intake, and calorie intake for the “Imported
Foods Unavailable” diet (Figure 3 and Table 8)
is based upon the assumption that no imported
foods are available; that is, people consume only
local foods for their entire lifetime. Qur
observation is that in the Marshall Islands of
today this is unrealistic. The demand for
i][lrl]p()]["l’li‘(fl toods is present, they are considered
staples in the diet, and suppliers and commercial
transport are also available. Even though
resupply schedules may be somewhat erratic,

irison of the average adult diet model for the Northern Marshall Islands with the

Average adult diet
moclel for the Northern

Average adult diet
forthe United States

Y ang and

Imports Imports Nelson Abraharn et al. Rupp

available unavailable (1986) {1979) (1980)
Food intake, g d-1 1164 845 1066 00 e 1232
Fluid intake, g d-1 2326 696 1526 0 - 1351
Caloric intake, kcal d-1 3208 1392 1853 195 00

23
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inventories of imported foods are expected to be
such that the total absence of imported foods
from the diet is most unlikely.

A few general conclusions can be drawn from
ri:w:lm.mlnm;; all of the available data on dietary
habits in the Marshall Islands.

1. Coconut consumption is the major source of
137Cs intake in the diet model; the diet model
does predict the 137Cs body burden observed in
actual whole-body counting of the adult
population for two atolls. Consequently, the
137Cs intake in the model is very close to reality
------ at least at these atolls.

2. The dietary habits are, to a degree,
atoll-specific and should be generalized from one
atoll to another only when supporting atoll-
specific data are unavailable.

3. There is still some uncertainty as to what
an average diet really is at any atoll.

4. Many factors can affect the average diet
over any specific year.

5. Further atoll-speci ccilinieitaury data are
needed to improve the precision of the dose
assessment for each resettlement situation.

Dose Methodology

To predict the effective dose to a
population on Rongelap Island, we calculated
both the potential external and internal
effective dose from the available data and
information. The sources of exposure and
methods of calculation are different for
external and internal exposure.

External Exposure

Estimates of external exposure include both
gamma and beta radiation. The method of
calculation for each is described below.

Garmana Radiation

The extermal exposure calculations for
gamma radiation are based on measurements
made on Rongelap Island in 1978 and 1988, and
decay corrected to 1995. The following
arbitrary distribution of time was used to
develop the average external exposure for 137Cs
for a 1995 resettlemnent:

1. Nine h d-1 are spent in the house where
the IE!CIE]FM)‘!:”»WIJEI"(" rate is 0.83 (R h-1 (see Table 2).

2. Six h d-1 around the house and village
area where the exposure rate is assumed to be
20 pR h-1 (weighted avls'lr'aaqg;lze of outside house
and general villag

3. Seven h 'dl--'l in ¢ Jhus- interior mzqedunu:u of the
island where the average exposure is 3.0 uR h-1
(Tipton and Meibaumm, 1981).

4. Two h d-1 on the beach or lagoon where
the GE'lt.l'DUEWLlﬂl'E" is 0.089 pR h-1, based on EG&G
data (Tipton and Meibaum, l‘.s'!ii]l).,

Although the selection of this particular
time distribution is arbitrary, general
discussions with Marshallese people and
observations made while we have been in the
islands make the selection reasonable.

The external exposure rates in uR h-1 are
converted to equivalent. dose rates in tissue
using a factor of 0.0075 Sv per Roentgen (0.75
rern per Roentgen) and assuming a quality factor
of 1.0 for gamma radiation (i UN SCEAR, 1972;
ICRP, 1973; ICRU, 1985). Sewveral researchers
have evaluated the conversion of exposure
doses in air to absorbed dose in specific organs
(Kerr, 1980; O'Brien and Sanna, 1976). These
conversion factors range from 0.0049 to 0.0075 Sv
per Roentgen (0.49 to 0.75 rem per Roentgen),
(.l«:-rmqmdh'nqg,, on the organ. We have chosen the
conversion factor for testes, one of the higher
factors, and used it for the whole body and bone
marrow. A result of this choice is that the
whole-body doses listed in this report can be
used to estimate genetic effects based on gonad
dose. Based on the conversion factor of 0.0073
Sv in tissue per Roentgen exposure in air, the
conversion factor to mSv y-1 from pR h-1is
0.066.

The resultant contributions of 137Cs to the
annual average effective dose in the first year
of occupancy of various island areas described
in the above scenario are:

1. Inside houses—0.022 mSv y-1
(2.2 mrem y-1).

2. Elsewhere in the ihmrut mgr and vi l]L:I}E'tE‘

=

24



3. Island interior-—0.059 mSv y-1
(5.9 mrem y-1).

4. Beaches and lagoon—0.50 uSv y-1
(0.050 mrem y-1).

The average external effective dose rate
attributable to such a living pattern in 1995 on
Rongelap Island is about 0.11 mSv y-1
(11 mrem y-1). The natural external background
effective dose rate is about 0.22 mSv y-1
(22 mrem y-1). "

Beta Radiation

It is impossible to predict ]F:»nen::l':-s-]ly what
the beta dose to the skin will be, but it is clear
that the “shallow dose” due to both beta
particles and external gamma exposure will be
onty slightly greater than the dose estimated
for external gamma whole-body exposure. This
higher “shallow dose” will occur primarily to
the most exposed parts of the body, usually the
arms, lower legs, and feet. The skin is a much
less sensitive organ to radiation than other
parts of the bt:»dy,, for example, the weighting
factor for stochastic risk recommended by the
ICRP for :Eill:ilnl is 0.01, compared with 0.20 for
gonads, 0,12 for red bone marrow, colon,
:s;l:nunrn.m:l*l, and lluurqg;s,. and 0.05 for breast, bladder,
liver, and thyroid (JCRP, 1990). Consequently,
the beta contribution to the total effective dose
is extremely small.

Internal Exposure

Cesium-137

The conversion from the intake of 137Cs to
the effective dose for the adult is based upon
the ICRP methods described in ICRP
Publications 30, 56, 61 (ICRP, 1979, 1990, 1991b),
which are based on Leggett's model (Leggett,
1986). We have combined the ICRP mod, s=]l for
charged-particle emissions for the beta-
particle emissions (E = 0.51 meV) from 137Cs and
the methods of Leggett et al. (1984), and Cristy
and Ekerman (1987a and 1987b) for the photon
emission (E = 0.66 meV), associated with 137Cs
decay (137mBa) to generate the final dose
conversion factors. The biological half-life of
137Cs is determined as a function of mass (i.e.,
age) by the methods described in the Leggett
model. In a separate report, we estimated the
comparative doses between adults and children
(Robison and Phillips, 1989). The results
indicate that the estimated integral effective

dose for adults due to ingestion of 137Cs and 0S¢
can be used as a conservative estimate for
intake beginning in infancy. In this report we
calculate only the doses to adults.

Stoontium-90

Several models have been developed over
the years to estimate the cycling and retention
of 90Sr in the body as a function of age to
calculate age-dependent dose conversion
factors. We have previously used both the
model developed at Environmental
Measurement Laboratory (EML) (Rivera, 1967;
Bennett, 1973, 1977, 1978; Klusek, 1979) and
that of Papworth and Vennart (1973, 1984).
The two models give very similar results, with
the biggest difference in results occurring for
persons between the ages of 5 and 153 y. Both
models are empirical models based on
measurements of %0S8r in the diet and
corresponding measurements of %0Sr in autopsy
bone samples. The retentions and turnover
rates, and discrimination factors in the models
are determined by regression analysis or
equation solution fitting of the observed data.
No particular correlation is made with bone
::‘4:)1r|1|ruau'itrnusnn1t'i‘.,, as outlined by the ICRP (1972,
1979, 1990), in the EML ma u.ih?]l but Papworth
and Vennart's model does include the two
compartments of compact and cancellous bone.

A more recent model developed by Leggett
et al. (1982) is based on the structure and
function of bone compartments as generally
outlined in the ICRP model (ICRP, 1972, 1979,
1990). The bone is assurned to be composed of a
structural component associated with bone
volumne, which includes the compact cortical
bone, a large portion of the cancellous
(trabecular) bone, and a metabolic component
associated with bone surfaces. In effect, three

- compartments are then identified, two within

the bone volume and one within the bone
surface. The bone volume is associated with
mechanical structure and integrity of the bone,
and the bone surface is involved with the
metabolic regulation of extracellular calcium.
Much use is made of general data about age-
dependent bone formation within these
compartments and, consequently, this model is
not as dependent on radionuclide-specific data
as the other models.

We will not discuss further details of these
models, but refer the reader to the original
articles and their associated references for




additional discussion and clarification (Leggett
et al., 1982; Cristy et al., 1984). Doses listed in
this paper are «::m‘l'c:m]lmted from the Leggett
- moxdel.

Transuranic Radionuclides (239+240Py  and

23 Am)

Ingestion. We calculated the effective
dose from ingestion of transuranic radionuclides
(239+240Pu and 241 Am) by ICRP methods (ICRP,
1979, 1986, 1988). The amount of ingested
plutonium or americium crossing the gut wall to
the blood (i.e., the gut-transfer factor) is
assumed to be 10-3 for plutonium and americiunm
in vegetation, and 104 and 10-3 for the fraction
of Pu and Am, respectively, ingested via soil.
Of the fraction of plutonium or americium
reaching the blood, 45% is assumed to go to bone
and 45% to the liver (ICRP, 1986, 1988). The
biological half-life is 50 y in bone and 20 y in
liver for both elements (ICRP, 1986). The
quality factor is 20 for the alpha particles from
9P, 240Py, and 241 Am.

Inhalation. The effective dose from
inhalation for the transuranic radionuclides is
based on the intake determined from the
assumptions discussed in the section on
Airborne, Respirable Radionuclide
Concentrations of this paper and ICRP dose
methodology (ICRP, 1979, 1986, 1990). The
239+240Py and the 241 Am are considered class W
particles, and the quality factor is 20. COther
parameters are described in the ICRF method
previously discussed for the ingestion of
transuranic radionuclides. The activity-
median aerodynamic diameter (AMAD) is
assurned to be 1pm. This is a conservative
approach in that measurements at Bikini Atoll
inclicate the AMAD is between 1.5 and 2.4 pm.

The potential effective dose from the
inhalation pathway for 137Cs and %05r at the
atoll are insignificant compared with the
transuranic radionuclides. For |=':nnnr\]p1h=> the
annual limit of intake (ALI listed in ICRP
publication 61 (ICRP, 1991b) is 106 Bq
(2.7 x 107 pCi) for 137Cs, 5.9 x 10° Bq
(1.6 x 107 pCi) for 905r, and 3 x 102 Bq
(8.1 x 103 pCi) for each 239+240Py and 241Am,

26

When combined with the surface soil
concentration of the radionuclides, the
potential effective dose from 137Cs and 90r is
about 3 orders of magnitude less than that from
22'.‘5#5'4>2!AII]']PU| and 141 Am.

The same conclusion can be reached by
looking at the recent publication of the
National Radiological Protection Board in
England (Kendall et al.,, 1986). The ef 7(=~.'|:mu=~
dose per unit intake for inhalation (in Sv Bg-1) 1)’
is 5.7 10-% for 908r, 7.7 x 10-9 for 137Cs,
1.1 = 104 for E39+240Py, and 1.2 x 10-4 for 241 Am.,
Again, the effective dose per unit intake is 3 to
4 orders of magnitude lower for 137Cs and %06r

than for transuranic radionuclides. Thus, the
doses via inhalation are so small for 137Cs and
90Sy that they are not listed in the tables.

Poloniun-210, Lead-210

The estimated effective dose from
ingestion of natural 210Po and 210PD is based on
new ICRP data and methods (Eckerman, 1993).
The weighted committed effective dose per unit
intake of activity for 210Po is 2.3 x 10~ Sv Be-1.
The corresponding weighted committed
effective dose for 210Pb is 1.5 x 10-6 Sv Bq-1.

Body Weights and Biological Half-Life
of 137Cs

Data from BNL have been sumunarized to
determine the body weights of the Marshallese
people (Conard et al., 1958, 1959, 1960, 1963,
1975; McCraw, 1980; l\A[lllltMthm-m:mﬂr et al., 1980b).
The average body weights of adult males are
listed in Table 9. The average adult male body
weight is 72 kg for Bikini, 71 kg for Enewetak,
63 kg for Rongelap, and 69 kg for Utirik; thus,
they are very near the 70 kg value of re nee
man (ICRP, 1975). (The lower body we!
Rongelap could be because of age distribution.)
We have used 70 kg as the average male body
weight in our dose calculations. The average
body weight for 113 adult females in the
Enewetak population is 61 kg. It is 67 kg for 13
Utirik females, 66 kg for 41 Bikini females, and
54 kg for 83 Rongelap fernales. The weighted
average for females is 60 kg.

The average biological half-life for
long-term compartment for

the
137Cs in adults is

1 Sv =1 Joule kg jE,

100 rem; 1 Bqg = 1
disentegration sec ~1= 27 ]F"‘ i



Table 9. Body weights of Marshallese adult males in kilograms.»

Standard

Atoll Nurnber Mean ceviation Minimiunn Maodmuumn
9 (] 12.9 54.5 92,7
Bikini 50 72 11.7 52 100.5
Rongelap 87 63 9.4 47.5 86.8
Enewetakb 130 71 14 37 126
Total 276 9 e 37 126

2 Conard et al. (1958, 1959, 1960, 1963, 1975); Mittenberger et al. (1980b); McCraw (1980).
b Personal communications, E.T. Lessard and R. Miltenberger, Brookhaven National Laboratory,

Upton, NY (1979).
¢ Weighted mean.

listed as 110 d in ICRP (1979, 1990) and NCRP
(1977). This is consistent with data obtained by
BNL on the half-time of the long-term
compartment in Marshallese (Miltenberger et
al., 1981; Miltenberger and Lessard, 1987). A
summary of BNL data presented in Figure 4
shows that the distribution of biological half-
life in 23 Marshallese adult males can be
considered lognormal with a median of 115 d, a
mean of 119 d, and a range of 76-178 d. In our dose
model for 137Cs, we used the 110-d half-life

because it is based on a much larger sample
population and the difference between it and the
115-d half-life observed in 23 Marshallese
males is minimal. The half-time in the long-
term compartment for 21 fernales in the BNL
study was 83 d (range 63-126 d). We have not
made a separate calculation based on the shorter
biological half-life and the smaller body mass
for fernales. These two parameters are offsetting
to a degree, and the dose to females would be
somewhat less than the males.
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Figure 4. Probability plot of the biological half-life for 137Cs in Marshallese males.
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Re

The effective dose is listed in both Sieverts
(Sv) or (milliSieverts (m$v)) and in rem (or
mrem) in this report. This is done intentionally
because we have used the rem as the unit of dose
in our earlier publications lE'l"]ﬂ'E""l']['l]llfl‘i’ the
Marshall Islands (Robison et al., 1980, 1982;
USAEC, 1973). In addition, the Marshallese
Communities, the ﬁ.("l’)l\.‘l]b'li'll:‘ of the Marshalls
Government, and 1U.5. agencies and committees
are familiar with these publications, doses, and
units. Thus, the previous dose estimates (and
units) serve as a reference point for updated dose
estimates presented here. The effective dose in
rem or mrem can be converted to 5v or mSv by
dividing by 100, and pCi can be converted to
Becquerels (Bq) by dividing by 27.

The purpose of this paper is to '|~u'«=~=‘-s=“m' our
estimates of the ]pq.ntc:mntml radiological doses
people might receive if they were to resettle
Rongelap Island at Rongelap Atoll and to
document the scientific and technical basis for
the estimates. To place the magnitude of the
estimated doses in perspective, we have
compared them to current guidelines adopted by
several Federal agencies. We acknowledge, and
even emphasize, that there is a legitimate
question as to which, if any, of 1rh|=' current
guidelines are applicable at Rongelap,
Enewetak, and Bikini Atolls in the Marshall

[slands, where the islands are already
contaminated and people wish to return and live
at “home.” Nevertheless, such guidance does
provide a reference point for radiation doses
that lead to a very minimal risk, and may
provide useful insight for those who must decide
on future actions.

The WNational Council on Radiation
Protection and Measurements (NCRP, 1987b) and
the International Commission on Radiological
Protection (ICRP, 1990) have recently
recommended an average annual effective dose
rate of 1 mSv y-1 (100 mrem y-1) to the general
public for continuous exposure resulting from
operating nuclear industries. The Department of
Energy (DOE) has recently adopted this
guidance for its operating nuclear facilities.
Consequently, we will use 1 mSvy-1
(100 mrerm y-1) for our comparison with doses
estimated for Rongelap Island.

sults

The estimated maximum annual and
integral effective dose for |-n=~u»|'n]lt=- resettling
Rongelap Island are calculated using our diet
model, the average radionuclide concentrations
in foods, the average biological removal rates
and depositions for the radionuclides in organs or
the whole 1b~u~diy, and the average external dose
rates. The maximum annual effective dose rate
is defined as the dose rate in that year after the
Rongelap people return (we have used 1995 as
the start date), when the sum of the internal
dose and the external gamma dose is at
maximum. In other words, using the average
value of all parameters in the dose model and
our diet model, the annual effective dose for any
other year would be less than the maximum

annual effective dose we present. The 30-, 50-,
and 70~y integral effective doses are calculated
with year 1 being 1995,

Doses are presented for two cases: imported
foods available (IA) and imported foods
unavailable (IUA). The doses listed under the
case “TUA" are calculated assuming no imported
foods are available, and that only local foods
are consurned over the entire lifetime of the
people’s residence on knm;e«ml.aqv Island. As noted
in the Data Base Section on Diet, our
observations lead us to conclude that the latter
case is unrealistic over any extended period of
time and highly conservative. Nevertheless, it
is presented here so that the reader may apply
different assumptions or use the results of future
observations to develop an apportioned dose
estimate. In our model for 1A, we have assumed
that 60% of the diet will be made up of imported
foods, and even this may be low. Imported foods
seem now to be established in the diet and the
culture,

The maximum annual organ equivalent dose
and the effective dose when imported foods are
available and unavailable are listed in Table
10. The maximum annual organ equivalent dose
rates for LA range from 0.23 to 0.31 Sv y-1(23 to 31
mrern y-1) from all exposure ];:mit]t 'ways. About
0.11 mSv (11 mrem) of this dose is from external
gamima exposure, while most of the remainder is
from ingestion pathways. The maximum
effective dose rate is 0.26 mSv y-1 (26 e y-1).

The 30-, 50-, and 70-y 11n|<e1a'1r.all effective dose
for residents of Rongelap Island, for 1A, are

8



Table 10, The maximum annual organ equivalent dose and effective dose in mSv y-1 for Rongelap Island

resicdents.

Weight

External

Dose equivalent rate, mSv y-1

Internal

Totala

_ factor gamma Ingestion?® Inhalation Organb Effective
Imported Foods
Available
Bone marrow 0.12 A1 0.17 0.00077 0.28  0.26 mSv (26 mrem)
Bone surface 0.01 11 0.19 0.0086 0.31  (~0.15 mSv y-1 of the
Gonads 0.20 A1 0.15 0.00011 0.26 total is from ingestion)
Lung 0.12 A1 0.14 0.0012 0.25
Breast 0.05 1 0.12 0.000023 0.23
Thyroid 0.0% 1 0.14 0.000023 0.25
Liver 0.05 a1 0.15 0.0018 0.26
Colon, 0.12 Jd1 0.15 0.000025 0.26
Stomach 0.12 Q1 0.14 0.000023 .25
Bladder .05 A1 0.15 0.000023 0.26
Esophagus 0.05 A1 0.14 (.000023 0.25
Skin 0.01 .1 0.12 (.000023 0.23
Remainder (.05 11 0.15 0.000029 0.26
Imnported Foods
Unavailable
Bone marrow 0.12 0.1 0.43 0.00077 0.54  0.48 mSv (48 mrem)
Bone surface 0.01 0.11 0.47 0.0086 0.59
Gonads 0.20 0.11 0.38 0.00011 0.49
Ling 0.12 0.11 0.34 0.0012 0.45
Breast 0.05 011 0.30 0.00002.3 (.41
Thyroid 0.05 0.11 (.35 0.000023 0.46
Liver 0.05 0.1 0.36 0.0018 0.47
Colon 0.12 0.11 0.38 0.000025 0.49
Stomach 0.12 0.11 0.36 0.000023 0.47
Bladder 0,05 0.11 .38 0.000023 0.49
Esophagus 0.05 .11 0.35 0.000023 0.46
Skin 0.01 0.11 0.29 0.000023 0.40
Remainder 0.05 0.11 (.37 0.000029 (.48

2 The total dose may vary in the second decimal place due to rounding.

b Rounded to two significant figures.
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listed in Table 11. The doses are presented by
pathway and radionuclide so the contribution of
each pathway and nuclide can be evaluated.
The 30-, 50-, and 70~y integral effective doses are
0.0059 Swv | [l]l.!‘v‘i' rem), 0.0082 Sv (0.82 rem), and
0.0097 Sv (0.97 rem), respectively. The same
information for the local foods only diet (IUA)
are listed in Table 12.

The doses calculated in this report are less
than those calculated in 1982 (Robison et al.,
1982) because of the concentration now used for
drinking coconut and copra meat versus that used
in 1932 (see discussion on page 16), and because
the internal garmma dose calculation now
accounts for shielding by buildings, etc. In 1982
we used the average 4[)]FJIE'1H -air gamma exposure
with no adjustments for s]hm'-l‘dlmr' and the
amount of time people spent in various locations.

Since that time, we have made specific
measurements inside and outside of houses and
around the village area to define more precisely
the average external effective dose a resident
would receive. The comparative results of the
1982 estimated effective dose and the effective
dose estimated in this report are listed in
Table 13.

The effective doses presented here for
Rongelap Island could be reduced even further
based on experiments conducted at Bikini Atoll;
the use of high- -potas ssium fertilizer at Bikini
has reduced the 137Cs uptake in food crops by
about 90 to 95%. Consequently, it is possible to
reduce the 137Cs doses from ingestion listed in
Table 11 and 12 by a similar amount if some
mitigating, salutary measures are implemented.

Discussion

Comparison of Estimated Doses to
Adopted Guidelines and to
Background Doses

The maximum annual effective dose for
Rongelap Island in 1995, using average values
for parameters in the dose model, is
0.26 mSv y-1 (26 mrem y-1) when imported foods
are available. By way of comparison, the
current guideline adopted by most government
agencies for the average annual effective dose

to a population is 1 mSv y-1 (100 mrem y-1).
The 30wy iJ[\rl’tE‘]!’ll"iil]l effective dose for Rongelap
Island is 0.0059 Sv (0.59 rem). The guideline for
30-y integral effective dose based on the 1 mSv
(100 mrem) annual standard, is 0.030 Sv
(3.0 rem).

Additional perspective can be obtained by
comparing these estimated doses for Rongelap
Island with natural background doses in the
United States. The average annual effective
dose from natural background sources in the

Table 11, The 30-, 50-, and 70-y integral effective dose for Rongelap Island residents when imported

foods are available (LA).

Integral effective dose, Sv (rem)

50 y My

0.0033 ((.33) 0.0039 (0.39)

3oy
External 0.0024. (0.24)
Internal
Ingestion

(s 0.0033 (0.33)

905 8.7 5 1075 (0.0067)

239+ 240 P 1.3 3 105 (0.0013)

281 Am 1.4 x 10-5 (0.0014)

Inhalation
2394240 Py

41 Am

Totalr

2.9 % 10-5 (0.0029)
1.9 x 10-% (0.0019)

0.0059 (0.59)

0.0045 (0.45)

1.3 % 10~ (0.013)
3.3 % 105 (D.0033)
3.3 5 10-5 ((0.0033)

7.0% 105 (0.0070)
4.5 x 10~5 (0.0045)

(0.0082 (0.82)

0.0053 (0.53)

1.5 % 10-4 (0.015)
6.0 % 10-5 (0.0060)
5.7 x 105 (0.0057)

1.3 x 104 (0.013)
7.8 > 10-5 (0.0078)

0.0097 (0.97)

a The total dose may vary in the second decimal place due to rounding.
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Table 12, The 30-, 50-, and 70-y integral effective dose for Rongelap Island residents for a diet when

imported foods are unavailable (TUA; L.e., only local foods.)

Integral effective dose , Sv (rem)

30y

50y

70y

External 0.0024 (0.24)

Internal
Ingestion
137Cg 0.0081 (0.81)
206y 2.7 % 104 (0.027)
239+240 Py 5.1 x 10-5 (0.0051)
241 A 2.5 x 10-5 (0.0025)

Imhalation
239+240 Py

2.9 10-5 (0.0029)

0.0033 (0.33)

0.011 (1.1

4.0 > 10+4 (0.040)

1.3 x 104 (0.013)

6.0 3 10-5 (0.0060)

7.0 % 105 (0.0070)

0.003% (0.39)

0.013 (1.3

4.8 x 10+ (0.048)
2.3 104 (0.023)
1.0 > 10 (0.010)

1.3 > 10+4 (0.013)
7.8 > 10-5 (0.0078)

241 Am

1.9 x 10-5 (0.0019)

Totala 0.011 (1.1)

4.5 x 10-5 (0.0045)

0.015 (1.5) 0.018 (1.8)

2 The total dose may vary in the second dkanc:mrmtl place due to rounding.

Table 13.
report for the case of imported foods available.

Comparison of the doses estimated in 1982 based on the 1978 NMIRS data, to those in this

Previous Estimates (19982)

Current estimates (1995)

Maximum annual effective dose
30-y integral effective cose
50-y integral effective dose 0.m2

70y integral effective dose

0.37 mSwv (37 mremn)
0.0089 Sv (0.89 rem)
Sv (1.2 rem)

0.013 Sv (1.3 rem)

0.26 mSv (26 mrem)
0.0059 Sv (0.59 rem)
0.0082 Sv (0.82 rem)

0.0097 Sv (0.97 rem)

1 Doses are decay corrected to 1995 for comparison with the current dose estimates.

United States is about 3 mSv y-1 (300 mrem y-1);
the breakdown by source is given in Table 14
(NCRP, 1987a). The world-wide average
background effective dose is 2.4 mSv y-1 (240
mrem y-1) with some areas over 10 mSv y-1 (1000
mrem y-1) (UNSCEAR, 1972, 1988). Note the
major contribution is from radon; only in the last
few years has the extent and magnitude of this
source been addressed and average dose
estimates deterrnined. There is still S0me

uncertainty in the current estimate of 2 mSv y-1
4[2!![]N[) e '11111‘!y TIW

in Hmm ]MMmﬁhmml lmudmds bmrmuwm' lh@
concentration of the parent radionuclide,
Radium-226 (226Ra), in coral soil is very low
(USAEC, 1973), the concentration of raclon in the
air is very much lower than over continental
land rmasses, (Larson and Bressan, 1980; Robison,
1987), and the open, outdoor lifestyle in the
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Table 14. Annual effective dose from natweal
background in the United States.®

Effective dose
mSv (enrern)

Source of radiation

Cosmic radiation 0.27 (27)
Cosmogenic radionuclides .01 (1)
Terrestrial radiation 0.28 (28)
Inhaled radionuclides (radon) 2 (200}
Radionuclides in the body 0.40 (40)
Total 3 (300)

a Data from NCRP (1987a).

Marshall Islands. Thus, most of the natural
background in the Marshall Islands is due to
external cosmic radiation and internal dose from
naturally occurring radionuclides in local foods.
The external dose from terrestrial radiation is
very low.

The effective dose rate from cosmic
radiation in the Marshall Islands is about
0.22 mSv y-1 (22 mrem y-1) (USAEC 1973;
Gudiksen et al., 1976). An additional 0.18 mSv

y~1 (18 mrem y-1) results from intake of naturally
occurring K. A reassessment of 210Po and 210Pb
in local fresh and imported foods shows that
ingestion of these radionuclides, associated with
the quantities of different foods defined in our
diet model, leads to a committed effective dose
rate (and because of equilibrium conditions the
annual effective cdose as well) of 2.0 mSv y-1
(200 mremn y-1). Unlike the majority of dose from
man-made radionuclides, which is derived from,
137Cs associated with terrestrial foods, 87% and
74% of 210Pg and 210Pb, respectively, in the total
diet is derived from the local and imported
aquatic foods, including seabirds. A detailed
report on the 210Po and 210Pb concentrations in
Marshallese foods and the resulting dose rate
calculations can be found in Noshkin et. al
(1993).

-Radiation dose guidelines are established
without the inclusion of natural background
doses. Thus, the mean maximurn annual effective
dose at Rongelap Island of 0.26 mSvy-1
(26 mrem y-1) is 26% of the current guideline of 1
mSv  y-1 (100 mrem y-1) (Table 15) as
recommended by the NCRP and ICRP (NCRP,
1987b; ICRP, 1990).

o

Table 15. Adopted guidelines for the general public, natural background doses in the United States and
Marshall I'slands, and estimated doses from man-made sources at Rongelap Island.

Population average effective dose rate mSv y-1 (mrem y-1)

Adopted annual guideline
Rongelap Island: man-made sources

U.S. natural background

Marshall Island natural background

Costmic 0.22 (22)
Cosmogenic 0.01 (1)
Terrestrial 0.01 (D
210Pg (diet) 1.8 (180}
40K (dliet) 0.18 (18)
210pb (diet)? 0.20¢20)

Rongelap Island: natural background plus
man-macle sources

U.5. 30-y integral dose guideline
Rongelap: man-made sources (30-v integral dose)

1 (100)
0.26 (26)

3 (300)
2.4 (240)

2.66 (266)

0.05 Svb (5 remb)
0.0059 (0.59 rem)

b Whole-body equivalent dose.

The source of these estimated doses are discussed in Noshkin et al. (1993).
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Similarly, the mean 30-y integral effective
dose of 0.0059 Sv (0.59 rem) estimated for
Rongelap Island is only 12% of the 0.05 Sv
«ﬁxmnfﬁﬂmmbmﬁ%mmﬂ%mwmfwmmﬂprM
for a 30-y period (EPA, 1987; FRC, 1960a,b). It is
TM%«WU&%SW(!WW%WNW$H&lmeqmwwmm
of 1 mSv y-1 (100 mrem y-1) summed over 30 y.

In view of the fact that there is some
question as to whether such guidance is really
relevant for a situation such as the Marshall
Islands, it is useful to develop other reference
criteria. For perspective, the annual e ive
background dose in the United States is
@memmwdkhn'KMbw'ﬂﬁ m»ihm‘mwaﬂlmmmMnumm

mmmww%wmmmmwmﬂmmmmPkmmd.Hmmmm
maximum annual effective dose at Rongelap
Island of 2.66 mSv (266 mrem) is 89% of the
annual background effective dummtm 3 mSv
(300 mrem) in the United 5

Relative Contributions of

Pathways

Exposure

The relative contribution of each of the
exposure pathways is presented in Table 16. The
dose from the terrestrial food-chain pathway
accounts for about 60% of the total estimated 30-
y integral effective dose; 137Cs accounts for about
96% of this dose and %06r for about 2%. Any
procedure that would either block the uptake of

137Cs into food crops and /or eliminate it from the
$oil column would substantially reduce the
potential exposure of the Rongelap people living
mMmeﬁqﬂmmML '

Ww1memmﬁmmmm1MﬂmmmaMmmmﬂhm

""" es about 40% of the
MuwmmHm&mMvammm The primary source
1M9mmwmvﬁ0mIMMWWmmlwmwmumﬂwmym
lmhﬁlmlm'mM;wm,NW'1%%@|WMMMWm
more than 99% of the 0.11 mSv y-1 (11 mrem y-1)
external garnma dose rate; $0Co accounts for less
than 0.08%. By the year 2000, 137Cs will
@wmeMHmmmmHMLMHmJMHWWMMMmeM|
dose rate. The annual external effective dose
rates, the cumulative effective dose, and the
contributions of 137Cs and 60Co are listed in
Appendix C.

The inhalation pathway is potentially the
most significant exposure pathway for the
transuranic radionuclides. For this pathway,
239+2400Py and 241Am are about 3 to 4 orders of
magnitude more significant than 137Cs, %05, or
60Co. The transuranic radionuclides contribute
less through the ingestion pathway.

The ingestion dose calculation for Pu and Am
includes a 100 mg d-1 consumption of surface soil
every day of one's life. We feel this model
probably overestimates the annual intake of
soil, but chose it as a conservative approach to
the problem. We also used the current
recommended ICRP gut-transfer factor of 10-3 for
organically bound transuranic radionuclides.

Table 16. The 30-, 50-, and 70-y integral effective dose for the various exposure pathways (LA).

Effective integral equivalent dose, Sv (rem)

Exposure pathway 3y
‘ I ) )

50y Ny

0.0034 (0.34)
0.0024 (0.24)

Ferrestrial food
External gamma

Marine food
Cistern and ground water
Inhalation

Totala

0.0059 (0.59)

1.6 x10-5 (0.0016)
5.1 % 10-6 (0.00051)
4.8 % 10-5 (0.0048)

0.0056 (0).56)
0.0039 (0.39)
6.0 x10-5 (0.0060)
1.0 % 10-5 (0.0010)
2.0 10~4 (0.020)
0.097 (0.97)

0.0047 (0.47)
0.0033 (0.33)

3.5 x10-5 (0.0035)
7.8 % 10-6 (0.00078)
1.2 x10-4 (0.012)
0.0082 {0.82)

% The total dose may vary in the second decimal place due to rounding,
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However, data indicate that Pu bound to soil
probably has a much lower gut-transfer factor of
about 10-4 to 10-5 (Gilbert et al., 1989; Harrison et
al., 1989). ICRP also recc »1;;Jr|114:45..=» a different gut
transfer factor for Pu that is not organically
bound (ICRP, 1990). Consequently, we used a gut
transfer factor of 10~4 for Pu bound to soil. All
AmnwmmywwummmdtnImnmunfmmlmmnﬂw'hmﬂﬂwuﬁ

10-3. It is noted that the 10-3 gut transfer factor
is considered to have a considerable margin of
safety built in (ICRP, 1986, 1990).

The estimated effective dose from Pu based
omn the concentrations in food, soil, and air are
very similar to those calculated by BNL based on
the i!ll”liil]‘jf?!ilr‘ of Pu in urine of the Rongelap
people (Sun, 1992). These two very independent
lm%hmm.we|n(meMWt¢mwwmwm¢mem
magnitude of the dose from the transuranic
radionuclides as shown in Table 17. The
estirnated average committed effective dose for
50-y residence from Pu based on environmental
data and models is 0.26 mSwv (26 mrem), or 0.10
mSv (10 mrem), for the 50-y integral effective
dose. We have assumed that a person is in a
high-resuspension condition (1 h d-1) everyday
of his life, which is probably excessive, and that
a person consumes 100 mg of soil every day. The
value of 40 rmrem committed effective dose from
urine analyses is based on the detection limit of
1MWmMMNuManuM|mmﬂM>mmwwwu Pu in
urine. The median value for Pu in the urine of all
the people analyzed is below this detection
limit value. In other words, the actual median
committed effective dose people receive is below
the detection limit value of 40 mrem committed
effective dose. People have been living on
Rongelap Island for about 28 y subsequent to the
fallout from BRAVOQ. Consequently, both

methods indicate that the effective committed
dose from Pu at Rongelap Island is below 40 mrem
for residence between 30 and 30 y.

In the long term, of course, as the 137Cs, 90Sr,
and 60Co disappear, thmr transuranic
radionuclides will be the only source of exposure,
The total estimated effective dose from 239+240Py
and 241 Am radionuclides, based on the
inhalation and imported food available diet
scenario discussed previously, is about 0.08 mSv
(8 mrern) over 30 y, 0.18 mSv (18 nrem) over 50 y,
and about 0.33 m$v (33 maem) over 70 y.

From the marine pathway, the reef fish in
particular, and the pelagic fish, are a key
source, and a favorite source, of protein in the
Marshallese diet. It is fortunate that the 137Cs
and %0Sr concentrations are very low in the
marine foods (Tables 5 and 6). Consequently, the
marine pathway is a minor contributor to the
total estimated dose from man-made
radionuc . but not necessarily for naturally
occurring radionuclides.

The roof-catchment water (i.e., cistern
water) contributes in a very minor way to the
estimated dose listed in Table 16. If ground
water is consumed, then the doses will go up
because there is more B7Cs and 906r in the ground
water than in the cistern water; however, ground
water generally is used only in cases of extreme
drought. In our dose calculations, we assume 40%
of the water intake is from ground water and 60%
is cistern water. The actual use of ground water
over several years is probably much less than
this.

The maximurn annual intake 1[]*»1[11!;1[)i of 13Cs,
905y, 239+240 Py, and 241 Am for Rongelap Island can
be compared to the annual limit of intake (AL
recommended by the ICRP to determine the

Table 17, The average committed effective dose from Pu and A at Rongelap Island in mSv (mrem).

Meithod

Environmental (LLNIL)a

Urine Analysis (BNL)

Committed effective dose

.:4[1--\,r integral effective dose

Committed effective dose

Pu 0.26 (26)
Am 0.23 (23)

0.10 (10)
0.078 (7.8)

0.40b (40)
No estimate

a Two significant figures are given only to show the slight difference between Pu and Am.
b Based on the detection limit. The actual mean dose is something below this number.
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significance of the four radionuclides via the
ingestion pathway (Table 18). The MAI for
Rongelap is the maximurm annual intake that
would occur based on the model described
previously. For example, the intake of 137Cs
would be less in any year after 1995 decreasing
exponentially by the 30-y radioactive half-life
(i.e., 2.3% per vear). The ALl for occupational
workers as defined by the ICRP, is that annmual
intake of each radionuclide that would lead to
an effective dose of rate 20 mSv y-1
(2000 mrem y-1). In Table 18, we have reduced
the ICRP ALI for occupational exposure by a
factor of 20 to correspond to the adopted annual
guideline of 1 mSv y-1 (100 mrem y-1) effective
dose rate for the public. As indicated in Table

18, the MAI on Rongelap for 137Cs is about 22% of
the adjusted ALIL it would of course decrease
with each succeeding year. On the other hand,
0%y, 239+240 Py, and 241 A are only 0.57%, 0.22%,
and 0.17% of the AL, respectively.

Mitigation of Food-Chain Dose

We have conducted many experiments at
Bikini Atoll to evaluate methods to mitigate
the 137Cs dose from the terrestrial food chain.

The experiments at Eneu Island at Bikini Atoll
using potassium-rich fertilizers (16N-16P-16K)
or K¢ ..l,. show a reduction greater than 10 fold in
the concentration of 137Cs in coconut meat and
fluid; the 137Cs concentrations in foods grown
without potassium-rich fertilizer range from
0.74 to 1.5 Bg g1 (20 to 40 pCi g 1) wet weight,
while the 137Cs concentrations in foods grown
using potassium-rich fertilizer are less than
0.074 Bq g1 (2 pCi g-1) (Robison and Stone, 1992).
A replicate experiment was conducted on Eneu
Island two years after the initial experiment,
and the results corroborate the initial findings.
Concurrent with the replicate experiment on
Eneu Island, we began a similar experiment on
Bikini Island where the 137Cs concentrations in
soil, coconut, breadfruit, and other local foods
are about 8 to 10 times higher than at Eneu
Island. The results of that experiment through
August 1988 show that we have reduced the
137Cs concentration in coconut meat and fluid from
a range of 5.6 to 11 Bq g1 (150 to 300 pCi g-1) wweit
weight to about 0.56 to 0.74 Bqg-

(15t0 20 ]pu( i g-1) wet weight. In those trees
where the initial concentration was between 1.9
to 3.7 Bq g-1 (50 to 100 pCi g-1) wet weight, the
potassium treatment has reduced the 137Cs
concentration to less than 0.37 Bq g1 (10 pCi g-1).

Table 18. Comparison of the maximuwm annual intake (MAID on Rongelap Island with the adjusted ICRP
annual limit on intake (ALI) for 137Cs, 908y, 239+240 Py, and 41Am.,

MAI on Rongelapa

MAI as a fraction

Imported foods  Imported foods Adjusted of the ALI when
available unavailable ICRP ALIb imported foods
Nuclide <('l!ic;|) (Bg) (Bq are available
137(Cs 1 x 104 28104 50x 104 0.22
NSy i .:7' x 102 5.5 x 102 3.0x104 0.0057
239+20Py (ingestion) 4.4 11 2.0x 1038 0.0022
241Amn (ingestion) 2.6 4.7 1.5x10% 0.0017
233+200Pu (inhalation) 0.037 0.037 15 0.0025
241 Am (inhalation) 0.028 0.028 15 0.0019

a  Maocimuam annual intake based on data and mode

s described in text.

This value becomes less each

year, declining exponentially with the 30-y half-life of 137Cs (2.3% per year).
b The ICRP ALI (ICRP, 1991b) is divided by 20 to adjust the AL which is based on an effective dose of
20 mSv y-1 (2000 mrem y-1), to a general population ALI based on an effective dose of 1 mSv y-1

(100 mrem y-1) (ICRP, 1991a; NCRF, 1987b).
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11mf”MCEcmmwmmmmﬁnmﬁkmcMﬁmmmm;wmmmmm
meat and fluid on Rongelap Island are about 20%
of those on Eneu Island, and about 2% of those on
Bikini Island. However, treatment of coconuts
and other food crops on Rongelap Island with
potassium-rich fertilizers should reduce the
137Cs uptake to about 10% of current levels and
reduce the estimated dose from the terrestrial
food chain by a similar amount. Thus, the
estimated maximum annual effective dose and
30-y integral effective dose for Rongelap,

.
including both internal and external exposure,
would then be about 0.12 m$v (12 mrem) and
0.0026 Sv (0.26 rern), 1:1:::iq;:ns't'wliiwu'1=£ljgr;

If a reasonable agricultural program is
implemented that includes periodic use of
fertilizer, the dose from 137Cs through the food
chain will be greatly reduced, and the growth
and productivity of some plants and food crops
will be enhanced.

ey

Environmendtal Half-Life of 137Cs

There are natural processes operating at the

atolls that also will reduce the estimated doses

presented in this paper. For example, 137Cs i
found in the ground water 3 to 4 m below the :Enllhlﬂ
surface. The only way for the 137Cs to get to the
ground water is by transfer down the soil column
during rainy seasons when sufficient rainfall
occurs to produce a recharge of the ground water
lens. This is the most likely mechanism for loss
of 137Cs from the island. Another possibility is
the resuspension process ‘l]truanit creates airborne
s0il and humic particles. This process is very
limited, however, on a vegetated island (Shinn
@uuiwﬁﬁwmythMNMNLMymmwm
that result in the loss of 137Cs from the atoll soil
system, arxl/or make it unavailable for uptake in
plants can be defined in terms of an
environmental half-life (Tq,2 environmental),
analogous to half-life for the natural
radioactive decay (T2 radiological). The net
loss of 137Cs from the environment is, therefore, a
sum of two components: the loss by radioactive
decay and the loss by environmental processes.
Thus, an effective decay constant, Ae, can be
defined, which is mqu&ﬂ‘ﬂmlkhmnahunﬁmx o4
Aenvironmental, Where the decay constant A =
0.693/Tq /2. The sig ance of the
environmental half-life is shown in Figure 5,

T
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0.40 uw 4"'
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0.10 = "4'

1 | 1 I
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igure 5. Percentage reduction in estimated doses to residents of Rongelap Island as a function of the
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where the reductions in the estimated ingestion
doses in this paper are shown as a function of the
environmental half-life. For example, if the
environmental half-life of 137Cs is equal to its
radiological half-life of 30 y, then the
estimated ingestion doses would be 50% of what
we present in this paper.

The problem, of course, is in determining
Aenvironmental- We are in the
evaluating data from Enewetak and Bikini
Atolls that we have accurnulated since 1978. We
also have data from samples collected at
Rongelap Atoll from 1986 to 1993 from specific
trees first sampled in 1959 and 1961. These data
will provide at least a limited retrospective
look at the environmental half-life over this
30-y period.

Although we have not completed our
analysis of these data and cannot at this time
incorporate an actual environmental half-life in
our dose assessment, the net result must be to
reduce the total dose received from internal and
external exposures.

Uncertainty and Interindividual
Variability in Estimated Rongelap
Doses

The doses presented above were calculated
using arithmetic mean values for each of the
parameters in the dose models, such as body
weight, residence time of radionuclides in the
body, radionuclide concentrations in food and
soil, dietary intake (in g d-1), and fractional
deposition of radionuclides in body
compartments. The distributions for some of
these parameters are shown in the following
figures; both log and linear probability plots are
given on each graph. Figures 6 and 7 show the
distribution of body weights for Marshallese
females and males, re ively; Figures 8 and 9
the dietary intakes; Figures 10, 11, 12, and 13 the
Pu and Am concentrations in soil; and, Figures 14
and 15 the 137Cs concentrations in drinking
coconut meat and fluid. Most of these data are
lognormally distributed.

Estimated close is a function of distributed
quantities reflecting either uncertainty (ie.,
lack of knowledge concerning “the true” value) or
interindividual wvariability (which hereafter
will be referred to simply as “variability,” i.e.,
heterogeneity in values pertaining to different

process of

people), or both. To characterize such
uncertainty and variability in estimated dose, it
is necessary to distinguish these attributes
systematically as each or both may pertain to
each input variate (Bogen and Spear, 1987;
Nazaroff et al., 1987; IAEA, 1989; Bogen, 1990;
NRC, 1993). Below, doses to potential Rongelap
residents are recalculated using this approach to
obtain predicted dose as a function of several
distributed input variates (summarized in
Table 19), here all are assumed to be
uncorrelated. Only uncertainty and variability
in predicted doses due to ingested 137Cs, external
gamrma-ray exposure, and Am+Pu inhalation
doses were considered here. Non-137Cs-related
ingestion doses (%0%r, 241 Am, and 239+240Pu) are
comparatively negligible on Rongelap (see Table
11). For this uncertainty/variability analysis,
the complex, multicompartment physiological
mocdlel used above to calculate internal adult dose
as a function of ingested 137Cs (Leggett, 1986;
ICRP, 1990, 1991a) was replaced by the
following single-compartment model:

gii(t) = FBRij e-Mi

at any time ;054 <t (1)
i (W) = (BK + 4 ) gi(u)

for any time u, ; Su <, (2)
9ij(W) = FBRjj e-M;i ¢-(BK + A u

for any time u, #; Su <'t, (3)

in which: g;;(u) is the activity, in Bq kg! body
weight, of 137Cs in the whole body at any time
2stion of an activity Rj; (in Bq kgt

Y

following ing
body weight) of 137Cs contained in a food itern of
type j at time £;, prime (") denotes differentiation
with respect to time, A is the radiological decay
rate of 137Cs, K = Ln(2)H-1 is the biological loss
rate of 137Cs from the dominant “slow”
compartment of a reference adult, F is fraction of
ingested dose input to the slow compartment, B
represents a dietary-dose-model bias (i.e., a
dose-estimation uncertainty factor) associated
with Rjjand B is a factor representing
uncertainty associated with H. Henceforth,
angle brackets ({)) denote mathematical
expectation only with respect to uncertainty and
an overbar denotes expectation only with respect
to interindividual wariability. :

Daily intakes Ry in Bq kg1 &1 of 137Cs in
local food items of type j were assumed to be
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Figure 6. Probability plot for the body weights of 167 adult Marshallese females.
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Figure 7, Probability plot for the body weights of 188 adult Marshallese males.
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Figure 8. Probability plot of the dietary intake of 34 Marshallese females.
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Figure 9. Probability plot of the dietary intake of 36 Marshallese males.
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Figure 10. Probability plot of 239+20Py concentration in the top 0 to 5 cm of soil in the village area of
Rongelap Island,
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Figure 11. Probability plot of 29+240Pu concentration in the top 0 to 5 cm of soil in the interior of
Rongelap Island.
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Figure 13. Probability plot of 2£1Am concentration in the top 0 to 5 cm of soil in the interior of Rongelap

Island.
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obtained from independent random samples of
such items collected »; days per year from among

the possible selections of the type available on
Rongelap. The corresponding cumulative dose
D(f) from all major exposure routes was
estimated as:

D(t) = Dy(t) + Dinf)
E " 365 @

13 % 22 gt du
0 j i= Mj'

where ¢ i$ a unit-conversion constant, where
Dy(t) and Dip(t) are approximations of adult
external-gamma dose (modeled as
interindividually wvariable) and Am+Pu
inhalation dose (modeled deterministically),
respec tively, and where Eq. (4) was evaluated
using Monte-Carlo methods (see Appendix D).

Variability in Dy(1) was modeled using data
from Table 3 and assumptions stated above (Dose
Methodology, External Exposure, Garnma
Radiation) concerning average times spent in the
house, house surroundings, village area, island
interior and beach/lagoon areas, and
corresponding mean exposure rates. From these
assumptions, it was estimated that household
and house-area exposures would typically
account for ~64% of total external gamma dose,
with a coefficient of variation (CV), i.e., the
standard deviation divided by the arithmetic
mean, with respect to interindividual
variability equal to ~45%. » remainder of
external gamma dose was assumed to be equal to
the corresponding population-average value,
reflecting an expected interindividual averaging
over commonly frequented island

areas.
Accordingly, external uma dose was modeled
as  Dy(t)=(0.36+Y)L ,.1(1! ) where Y is a
lognormally distributed variability factor with
expectation 0.64 and geometric standard
deviation (SDg) = 1.536.

Vau.'ihil,lb».l]lmI:y' in the fraction, F, of ingested
137Cs input to the dominant biological
compartment was assumed to be uniformly
distributed between an uncertain lower bound
ranging between .71 and 0.89, and an upper
bound of 1. Thus, ?llLlh(:lE!!'I:Elii‘lﬁ‘l.jy' in F was assumed
to be uniformly distributed within + 5% of an

assumed expected value of 0.9, and variability of
{F) was assumed to be uniformiy distributed
between 0.8 and 1. These assu mptions
approximately characterize the empirical data
on the value of F obtained for 17 individuals
reported by Schwartz and Dunning (1982).
Interindividual variability in the biological
half-tirne, H, of the dominant slow cormpartment
was modeled as lt:bj!’lt‘ll"llt‘lfl'lhil]ll‘y’ distributed based on
the data pertaining to 23 Marshallese males
indicating a median of 115 d and 5Dy = 1.23 as
shown in Figure 4. For the present analysis,

however, it was assumed that H = 110 d and
that SDyg = 1.32 for H, based, respec 1t11w:‘]ly, on the
ICRP (1979) reference rean value (used earlier)
and on data reviewed by Schwartz and Dunning
(1982) indicating slightly greater 'winriaaﬂbii]l‘i‘I*y'
associated with the parameter among 53

individuals from whom measurements were
available. A geometric mean (GM) value of H
(105.9 d) consistent with the values selected for

H and S$Dg was obtained using the method of
moments. Uncertainty pertaining to H was
represented by the independent factor § assumed
to be uniformly distributed (between 0.9 and
1.107), such that the true value of H pertaining
to any specific indivicdual was taken to lie
within 10% of the expected value for that
ind ‘i vi d uuall

annual ]l]flitdt.l‘.‘i!,, {‘AR b, uif I«J»I.all 1 ”'( ' |,+::l:|‘mll.y in I.hue
LENL model diet for h'y]pur:olllwvtmadl Rongelap
residents as of 1995 (assumning imports are
available) was taken to be 365 x 0.447 Bq kg1 y-1
for a reference adult, based on the analysis of
food consumption survey data for 34 adult
Ujelang  females discussed above.
Interindividual wvariability in corresponding
expected daily intakes, (R;;) was modeled using
the <!’1[l'l]p']llr1ht'im| distribution of average daily
uptakes in Bq kg1 calculated from the food-
survey data for these same 34 adult Ujelang
females, which was here multiplicatively
scaled to have the expected daily population
average value of (31.3 Bq d-1X70 kg1), where 31
Bq d-1 was taken (see Table 20) to be 99% of the
mean daily dose. This scaled empirical
distribution does not significantly differ from a
luc»g;m:nr':nmatll distribution having an expected
] Z;JM,, and SDg of 0.447 Bq kg ='" d-1, 0.319 Bq
k ;E',"' d-}, and SDg = 0.8217, 1ria~s]p~5-r"lji*m&:l.y (see
Figure 16); ]p».» .15 usin g Stephen’s modified
Kolmolgorov-Smirnov, Cramer-von-Mises, or
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Figure 16. Sample distribution of

interindividual variability in daily intake of
BCs per unit body weight based on survey data
for 34 adult Ujelang females (bold), fit to a
lognormal distribution (light) with mean = 0.447
Bq kg1 d? and a geom. stand. dev, = 2274,

Watson tests (Stephens, 1970; Pearson and
Hartley, 1972). We used this lognormal
distribution as the basis of our model of
variability in (R) 5 Ry } for a hypothetical
Rongelap population of arbitrary size N. The
distribution has a corresponding CV with respect
to modeled variability equal to gg = 0.9821.
Uncertainty due to random dietary sampling
associated with daily 137Cs intake for any given
individual about that individual’s mean daily
level (presumed constant for each individual)
was estimated under the assumptions stated
above that food imports are available and that
local foods of type j are randomly and

independently sampled »; times per year from

among Rongelap sources, using LLNL-model-diet
assumptions discussed previously, along with
the inforrnation summarized in Table 20 about
predicted amounts and measured inter-sample
variability of 137Cs in different food items local
to Rongelap. For this analysis, the activities
associatecd with the items listed in this table
(accounting for ~99% of 137Cs intake associated
with local foods) were scaled to cor
assumption that these items comprise 100% of
the local-food_diet. Each corresponding CV,
YR; ¥ ORy / (jli’.,.jr), with respect to presumed
diefary sampling error was assumed to be the
measured value appearing in column 6 of Table

espond to an

20, and was assumed to pertain to every
individual in the modeled exposed population.
The local food items appearing in Table 20 were
divided into three types (and the indicated
corresponding sampling periods were assumed):
pork-related items (ny = 12 y1), chicken-related
items (n, = 52 y-1), and other items
(ny = 182.5 y-1).

Model-uncertainty (i.e., misspecification
error) was estimated directly from the data
shown in Figure 3 relating LLNL model-diet
predictions assuming imported foods are
available, and corresponding BNL measurements
of whole-body dose among different samples of
Marshallese people tested during the period
1977-1983. The mean of the six measured- to
predicted-burden ratios shown is 1.25 % 0.37
(differing insignificantly from 1, p > 0.16 by T-
test). Based on these data, an uncertainty-CV of
~40% was assumed, and model uncertainty for
the LLNL model diet assuming imported foods
are available, was characterized as a
corresponding lognormally distributed factor B
with expectation 1 and SDg = 1.47.

Predicted population risk I (here taken as
the number of fallout-induced cancer fatalities)
necessarily depends on the size, N, and age
distribution of the population involved in any
Rongelap resettlement. To reasonably estimate
1, it was assumed that N = 500 in a 1995
resettlement, wherein 40% of this population
would be exposed for 70 y (i.e., be present upon
birth) and the remainder (of adults of 40-y
average age) for 30 y. Calculation of I was by
the method of Bogen and Spear (1987), treating [
as compound-Poisson-distributed with an
uncertain parameter (population-average dose),
here approxirnated as S00W D(Lifetime), where
W is an uncertain risk-per-unit dose conversion
factor and D(Lifetime) was assumed to be the
weighted functional (not stochastic) average of

N

taken to be 1.63 D(30) based on the corresponding
LLNL/ICRP model predictions (Table 11). Based
on the BEIR V (NRC, 1990) prediction of total
cancer (leukemia + nonleukemia) fatalities for
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males and females likely to be caused by chronic
low-LET radiation exposure and associated
analysis of statistical and model-related errors,
the wuncertain factor W was taken to be
approximately lognormally distributed with
expectation 0.0004 c¢Sv-1 and SDy = 0.864.

Based on the analysis of interindividual
variability in expected dose, it was calculated
that the expected valug _of 30-y integral
population-average dose, {D(30)) is ~0.58 cSv,
and that the chance that (I2(30)) > 2.0 ¢Sv is
~1%, e.g., indicating that 2 ¢Sv is the 30-y dose
me »sit likely to be incurred by the fifth highest
exposed among 500 hypothetical Rongelap
residents (Figure 17). The predicted
relationship between cumulative exposure tirne ¢
and interindividual wvariability in (D(£))
(Figures 18 and 19) indicates that the lower and
upper 95% confidence limits on {LXf)) variability
are ~2-fold below and -~2.5-fold above,
respectively, 1t1hc:~ ]pun»rnu]l.anlu.nn average expected-
value fu The calculated
interindiwvid ILI.:II v.anrm bility in expected
maximum 1-y dose is shown in Figure 20,
contrasted to variability in that dose estimated
assuming a hypothetical LLNL-type local-
foods-only diet with twice the local calorie
intake shown in Table 20. Such a local-foods-
only diet implies a nearly 5-fold greater
expected dose due to 137Cs ingestion than
predicted by the LLNL imports-available diet.
The distribution corresponding to the LNL
imports-available model diet (bold curve in
Figure 20) has a mean of 0.25 mSv, and has 50th,
95th, 99th and 99.8th 1pui=nr4renm tile values of 0.21,
0.52, 0.87, and 1.3 mSv, respectively. The
maxima of expected annual doses under this
dietary scenario are estimated to occur during
the 2nd and 3rd years of residence for 66% and
33% of residents, respectively. The distribution
corresponding to the local-foods-only diet with
twice the local calorie intake indicated in Table
20 (light curve in Figure 20) has a mean of
0.83 mSv, and has 50th, 95t |,, 99th and 99.8th
percentile values of 0.61, 2.2, 3.9 and 5.8 mSv,
respectively, with maximal :*ln:ai*ss» predicted to
occur during the 2nd, 3rd and 4th years of
resiclence for 44.5%, 53%, and 2.5% of resicents,
respectively. Note that a 99.8th percentile dose
ad in Figure 20 corresponds to the most
likely value of the greatest maximum 1-y dose
predicted assuming a 1995 resettlement
population of 300 (NRC, 1993). The results

summarized in Figure 20 indicate that 99.5% of
hypothetical 1995 Rongelap resettlers would
never receive a 1-y dose greater than 1 mSv if
imported foods were routinely consumed, but that
~25% would receive maximum l-y doses greater
than 1 mSv if only local foods were consumed at
twice the caloric intake rate indicated in
Table 20.
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Cumulative 30-y dose (cSv)

imated distribution of
ariability in expected 30-y
» conres ponding to hypothetical residence on
Rongelap Island starting im 19985  This
distribution has a mean of 0.58 ¢Sv and 50th,
ile values of 0.48, 1.2 and

Time (y)

Figure 18, Population-average expected dose
from hnyr];umt]ui'iti«:ill residence on Rongelap Island
starting in 1995 (middle curve) and corresponding
two-tail 95% confidence limits on
interindividual variability in expected dose, as
a function of residence time,
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Time (y)
Figure 19. Two-tail 95% confidence limits on
interindividual variability in expected dose
from hypothetical residence on Rongelap Island
starting in 1995 as ratios of the corresponding
population-average value of this dose
(horizontal line) at specified residence times.
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Figure 20. Estimated distributions of
interindividual wariability in the lifetime
maimuem of expected annual doses carresponding
to lh'y]p»uvl’lulw- tical residence on Rongelap Island
starting im 1995. Distributions corresponding to
the LLNL imports-available model diet (bold
curve) and a hypothetical local-foods-only diet
assuming twice the local caloric intalke shown in
Table 20 (tight curve) are shown.,

From the analysis of uncertainty in
population-average dose, the relationship
between cumulative exposure time £ and the 95%
confidence limits 0! D(t) uncertainty shown in
Figure 21 was ca =~dl l--n;;nu‘rlz' 22 illustrates
how |111r|‘:1i-1r1t‘1111r|1t‘y' in D(?) is predicted to become
effectively independent of time after ~5 y of
Rongelap residence, by which time residual
uncertainty is derived «'.(*»l@] ly from F, B and B,
and is characterized nce lirnits within
a factor of 2 of {IXD).’ lm particular, the chance
that D(30) » 1.0 c5v is ~1% (Figure 23). Based
on the hypothetical Imunqamml.n]p»--|1a's4s-1tttllt=-nr|<mn|
scenario described (in Methods) involving 500
people starting in 1995, the characterization of
uu'n'wmt‘munitv in ]p'i[l']p'I]ll&litlt[lllﬂl average dose implies
‘ ' lifetime dose
) shown in I-'q ure 24, which in turn
implies an expected population risk of < 0.1 cases
ancd an 87% chance (i.e., it is more likely than
not) that zero cancers will arise as a result of
fallout-related exposures on Rongelap.

As described abowve, the results of this
uncertainty / variability analysis correspond to
the LLNL model diet assuming imports are
available. The results of the LLNL/ICRP-based
assessment of predicted dose (Tables 11 and 12)
indicate that total dose could be higher by a
factor of ~1.85 if only local foods were assumed to
be available. It is not clear, however, how a
local-foods-only assumption would best be
reflected in an analysis of uncertainty/
variability of the type conducted here, because
this assurnption is substantially at odds with
data on measured vs. LLNL model-diet-
predicted (assuming imports available) whole-
body 137Cs burdens summarized in Figure 3. This
discrepancy would be even greater if a
hypothetical local-foods-only diet were
assurned that is calorically more realistic than
the corresponding LLNL local-only model diet
(e.g., if total local-only calories were increased
by a factor of two). As discussed above in
reference to Figure 18, a local-foods-only diet
that assumed twice the caloric intake of the
corresponding LLNL model diet results in
approximate 5-fold increase in expected dietary
dose and 3.3-fold increase in expected maximum
1-y dose to potential 1995 Rongelap resettlers.
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Figure 21. Population-average expected dose

from hypothetical residence on Rongelap Island

starting in 1995 (middle cwrve) and corresponding
two-tail 95% confidence Limits on uncertainty in
population-average dose, as a function of
residence time.
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Figure 22. Two-tail 95% confidence limits on
uncertainty in population-average dose from
hypothetical residence om Romgelap Island
starting in 1995 as ratios of the corresponding
expected value of this dose (horizontal line) at
specified residence times.
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Figure 23. Estimated distribution characterizing
uncertainty in population-average 30-y dose
corresponding to hypothetical residence on
Rongelap Island starting in 1995 (bold curve),
contrasted with that for that component (X) of
the latter distribution reflecting ramdom dietary
sampling only (light curve-see Appendix D).
The former {(bold) distribution has a mean of 0.58
¢Sv and 50th, 95th and 99th percentile values of
0.56, 0.84 and 1.0 ¢Sv, respeciively.

025 05 07 1 1256 1.5 175 2
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Figure 24. Estimated distribution of uncertainty
in population-average lifetime dose
corresponding to hypothetical residence of 500
people on Rongelap Island starting in 1995,
assuming 40% incur a 70-y exposure (ie.,
comumencing at birth) and 60% imcur a 30-y
exposure. This distribution has a mean and 50th
and 95th percentile values of 0.45, 0.36 and 1.0
cSv, respectively.
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Reme

Significant reductions in dose can be
achieved at atolls contaminated with different
levels of radioactivity in the Marshall Islands.
We list here five measures to achieve such
reductions at Rongelap Island with reference to
the effectiveness of the measures and associated
monetary and environmental impacts.

1. Remowve the surface soil (0 to 30 cm) in the
area where the village will be established and
for 10 to 15 m around each of the sites where
houses will be built to minimize the external
gamrma and beta and alpha exposure in the areas
where people spend most of their time. The
additional cost to remove 15 to 20 ¢ of soil from
the relatively small area included around each
house and the village area would be minimal,
compared with the overall costs of reseftlement,
since scraping and clearing is required to begin
construction and resettlernent

There would
essentially be no adverse environmental effects
from such an action.

2. Place a 10-cm layer of crushed coral
around the village site and in a 5-to 10-rn raclius
around each house to provide some additional
reduction in any beta and gamma rays emanating
from the soil subsequent to the soil removal and
greatly reduce exposure to any residual beta
radiation. This should be acceptable, as it is
common practice in Marshallese villages to use
crushed coral around homes for both appearance
and dust suppression. The combination of the soil
removal and application of crushed coral can
significantly reduce the external exposure and
provide small reductions in internal exposure.

3. Treat the entire agricultural area of the
island, where coconut, breadfruit, and Pandanus
fruit are growing, with potassium chloride
(KCH or complete fertilizer (nitrogen,
phosphorus, and potassium) to reduce the uptake
of 137Cs into food crops. A high-potassium
fertilizer can also be used in any family-type
gardening for the same reason. The potential
reduction in estimated dose from the food chain
can be 90% or more. This salutary plan, coupled
with the soil removal and addition of crushed
coral in the housing and village areas, could
reduce the total estimated 30-y, integral
effective dose at Rongelap Island from 0.0059 Sv
(0.59 rem) to about 0.0026 Sv (0.26 rem).
Furthermore, growth rate and productivity of
some food crops will be increased if a complete

dial Actions

fertilizer consisting of nitrogen, phosphorus, and
potassium is used to supply the needed potassinm
for blocking the uptake of 137Cs into plants. The
137(Cg, 906y, 239+240 Py, and 241 Am are still in the
soil although the 137Cs uptake into foods is
greatly reduced.

4. Design adequate water catchrment systems
so0 that fresh water will always be available,
even during extended dry periods, thus avoiding
use of the contaminated ground water. Although
the reduction in the estirmated dose from the
ground-water pathway (it contributes less than
0.05% of the estimated cose) is very much less
than for the external gamrna and terrestrial food
pathways, it is not an expensive proposition to
expand somewhat the water catchment systems
that will be a necessary part of any housing and
community design.  Again, apart from
radiological considerations, this measure should
be found acceptable because of the obvious
community benefits of expanded and improved
water catchment systems. Consequently, another
potential source of exposure, albeit very low, can
essentially be eliminated.

5. Of course, excavation of the top 30 to 40
cm of soil over the whole island also will reduce
effectively the potential effective dose, both
external ancl internal. This option, however,
would entail environmental cost, as well as high
dollar cost. The removal of the top 30 to 40 cm of
soil would carry with it the removal of
essentially all of the organic material—
material that has taken decades, if not
centuries, to develop and that contains all of the
nutrients and water-retention capacity of the
coral soil. This would obviously require
removing all the mature coconut, breadfruit,
Pandanus, lime, and other trees that supply
food, windbreak, and shade at the island. This
option would thus necessitate a very long-term
commitment to rebuild the soil and revegetate
the island. Such a commitment would, in turn,
seem to suggest a continuous infusion of effort and
expertise, the availability of which does not
now seem assured.

We have not addressed the matter of the
disposal of the very large quantity of removed
soil and vegetation, but recent experiences at
other locations indicate that this would present
a formidable problem of both acceptance and
cost.
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Appendix A

Radionuclide concentration summary of all soil-profile samples collected
during the 1978 NMIRS and from 1986 through 1993.






Table A-1. Cesium-137 radionuclide concentration summary for all soil profiles taken in the village

area during the 1978 NMIRS toget

her with owr recent trips from 1986 through 1993 on Rongelap Island.

Soil

depth

(cmn)

Na

Bq gl

dry wt.

Mininawm

Maximum

Median

Mean

SD
SD

Mean
of logs

SD
of logs

00-05
0510
10--15
15-25
25-40
40--60)

00-05
00-10
0015
00--25
00-40
00-60

13
2
21
2
21
20

131
22
21
21
21
20

1.2 % 102
1.7 % 10-2
3.0x10-2
1.3 x 102
21 % 10-3
9.4 x 104

1.2 » 102
2.6 x 102
2.7 x 102
4.3 % 102
3.6 5 102
3.0 102

1.4 x 100
4.8 x 101
&7x101
1.8 > 101
9.8 x 10~
2.9 3 102

!

1.4 % 100
5.7 % 101
A5 % 101
3.0 101
2.0 101
1.3 5 10-1

1.1 x 101
1.4 x 101
1.2 3 101
5.7 3 102
1.2 % 10~2
5.6 % 103

1.1 » 101
iﬁxﬂml
1.7 > 101

1.2 % 10-1
9.3 % 102
6.3 x 102

1.7 » 10-1
1.8 %101
1.4 x10-1
7.7 % 102
2.2 % 102
8.0x10-3

1.7 % 10-1
1.9 x 10-1
1.8 x 101
1.4 x 101
9.5 3 102
6.5 x 102

1.9 % 101
1.2 % 101
1.0 x 10-1
5.4 > 102
2.4 102
7.6 0 103

'l‘ 9 » 101
1.4 » 101
1.1 > 101
6.9 > 102
4.5 x 10-2
3.0 » 10-2

&
«2.0
2.2 X
2.8 x
&4 X
5.3

-2
-1.9
-1.9
-2.1
2.5
-2.8 w

x 100
% 100

100
- 100
100
% 100

x 100
» 100
x 100
x 100
»x 100

100

8.6 x 10-1
7.7 % 10-1
7.5 x 10-1
8.3 x 101
1.1 % 100
1.0 » 100

8.6 x 10-1
7.7 %101
70x10-1
5.2 x 10~-1
5.0 x 10-1
4.6 x 101

NOTE: Specific activity is decay corrected to 1995,
N2 stands for number of individual sarples.

Table A-2. W%@hmm'FHHmmmmmmcm&vrmmmwmlmmmmﬁmmmmmmyﬁmrdMﬁ@ﬂ]HWmMWﬁLMMNﬂhﬁﬁN?hMWIMmWM
the island during the 1978 NMIRS together with our recent trips from 1986 through 1993 on Rongelap

Island.

Soil

depth

(crny)

Na

Bq g1 dry wt.

Minimum

Maxdmurn

Median

Mean

1:‘ ] )

Mean

of logs

SD
of logs

D005
35-10
10-15
15-25
25-40
40-60

00--05
00-10
00--15
00--25
00--40
00--60

401
323
326
324
a9
282

401
3
320
ny

309

271

4. ¢I x '1 (]D ‘l

'77. 1 x ‘l.(]

lﬁmlmﬁ
1.9 3 104
7.7 x 106

4.4 > 104
3.0 x 10-3
4.4 5 103
6.0 x 10-3
4.7 » 10-3
4.9 x10-3

3.9 x 100
3.0 % 100
1.2 > 100
4.5 x 101
1.9 x 10-1
1.6 x 101

3.9 % 100
26100
1.8 x 100
1.1 x 102
5.8 % 10-1
39x10-1

4.8 » 101
2.2 %10
1.0 x 101
3.8 » 102
1.4 » 10-2
7.0 x10-3

4.8 % 101
3.8 x10-1
2.9 % 10-1
2.0 x 10-1
1.3 % 10-1
9.1 102

wnwmv
3.0 101
]l 6 x 101
6.9 3% 102
2'.... 3¢ 102
1.6 > 102

5.8 % 10-1
4.6 10-1
3.6 x 107
2.4 x10-1
1.6 » 10-1
1.1 » 10-1

4.5 x 10-1
29 x 10-1
1.7 % 10-1
£.3 % 10-2
2.8 % 10-2
2.5 x 10-2

4.5 w 10-1
3.4 x 101
2.6 x 101
1.7 % 10-1
1.0 x 10-1
6.7 x 102

0.6 »
-1.6
-2.4
-3.2
4.2
-5.0

-9.6
-1.1
-1.3
-1.7
-2 ][

¢ 10-1
x 100
» 100
» 100
» 100
x 100

»x 101
» 100
» 100
x 100
® 1[1’)‘1

1.3 > 106
%Mxlml
1.1 > 100
1.1 % 100
1.0 % 100
1.3 5 100

1.3 5 100
8.1 » 10-1
7.9 5 101
7.6 > 101
72 v 101
6.8 » 101

NOTE: Specific activity is decay corrected to 1995.
Na standls for nurnber of individual sarmples.

.lt!\f":i;



Table A-3. Strontinum-90 radionuclide concentration summary for all soil profiles taken in the village
area during the 1978 NMIRS on Rongelap Island.

Soil
depth
(cm) N#

Bq g1 dry wt.

Mindroum

Maocinnunn

Median

Mean

sSD

Mean
of ]l«nqg;i“.

SD
of logs

00-05 4
05-10 4
10-15 4
15-25 4
2540 4
40-60 0

00-05 4
00-10 4
00-15 4
00-25 4
00-40 4
00-60 0

3.9 x 102
4.3 » 102
38 x 102
3.0 % 10-2
24 > 10-3
0.0 > 100

3.9 % 102
4.1 > 10-2
4.0 % 102
3.6 102
2.3 5 102
0.0 100

2.9 > 101
4.7 % 101
4.7 % 101
3.1 x 101
1.2 % 10-1
00 3¢ 100

2.9 %101
3.5 % 101
3.9 x 10-1
3.6 %101
2.7 w101
0.0 » 100

1.6 > 10-1
3.1 > 10~1
1.6 3 101
1.5 % 101
4.8 > 102
0.0 » 100

1.6 x 101
2.5 %101
2.2 x 101
1.9 5 101
1.4 x 101
0.0 x 100

1.6 % 10-1
2.8 % 101
2.0 x 101
1.6 x 10-1
5.4 % 10-2
0.0 x 100

1.6 x10-1
2.2 »x 101
22101
1.9 x 10-1
1.4 % 10-1
0.0 100

1.1 x 101
1.9 » 10-1
1.9 ¢ 101
1.3 % 10~1
5.1 » 102
0.0 > 100

1.1 x 101
1.4 3 101
1.4 % 10+
1.3 » 10-1
10.0 x 10-2
0.0 » 100

=240 3 100
~1.6 3 100
-2.0 % 100
-2.2 % 100
-3.6 % 100

0.0 % 100

«2.0 x 100
-1.8 x% 100
-1.8 x 100
-1.9 x 100
-2.3 % 100

0.0 » 100

8.8 % 10-1
1.1 % 100
1.1 x 100
1.0 x 100
1.7 % 100
0.0 % 100

B8 o 101
9.8 > 10-1
9.9 > 10-1
9.9 5 10-1
1.1 > 100
0.0 3100

INOTE: Specific activity is decay corrected to 1995.
Na stands for nurnber of individual samples.

TableA-4. Strontium-90 radionuclide concentration summary for all soil profiles talken in the interior of
the island during the 1978 NMIRS on Rongelap Islandl.

So0il

depth Bq g1 dry wt. Mean SD

(crn) N2 Mininurn  Maximum  Median Mean 5D of logs of logs
00--05 16 44x10-3 46x10-0 1.9x10-1  1.7x10-1  12x10-1 -21x100  1.2x100

05-10 16
10-15 16
15-25 16
25-40 17
40-60 0

00-05 16
00-10 15
0015 14
00-25 13
00-40 13
00--60 0

5.6 % 10-3
8.6 x 104
1.4 x 10-2
3.8 v 104
0.0 % 100

4.4 x 10-3
5.0 5 10-3
1.0 > 10-2
2 o 102
2.2 % 102

0.0 > 100

5.9 x 101
5.1 x 101
2.6 % 10-1
2.7 x 101
0.0 » 100

4.6 » 101
5.3 5 101
4.5 > 101
3.5 % 101
24 5 101
0.0 3 100

1.0 x 10-1
8.5 x 10-2
6.9 » 102
5.2 » 10-2
0.0 » 100

1.9 3 101
1.5 % 10~1
1.2 > 101
1.2 x 10-1
9.6 3¢ 102
0.0 x 100

1.8 x 101
1.3 x 101
9.9 »% 102
6.6 x 102
0.0 % 100

1.7 x 101
1.8 % 10-1
1.6 > 101
1.4 x 101
1.1 % 10-1
0.0 100

1.8 x 101
1.4 % 10-1
77w 102
6.4 x 10-2
0.0 x 100

1.2 % 10-1
1.4 5 101
1.4 3¢ 101
1.1 ¢ 10-1
7.9 102

0.0 x 100

-2.3 »100
2.7 %100
=27 %100
-3.3 %100

0.0 x100

<21 3 100
-2.2 % 100
=22 % 100
-2.3 % 100
-2.5 % 100

0.0 x 100

1.2 % 100
1.5 % 100
9.2 » 101
15 % 100
0.0 % 100

1.2 5 100
1.2 3 100
1.0 > 100
8.3 x 10~
8.0 > 101
0.0 100

NOTE: Specific activity is decay corrected to 1995,
Na stands for number of individual samples.
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Table A-5. Plutonium-239+240 radionuclide concentration sumrnary for all soil profiles taken in the
village area during the 1978 NMIRS together with our recent trips from 1986 through 1992 on Rongelap
Island.

Soil

depth Bq g1 dry wt. Mean 5D
(em) N2 Minimmum Maximum — Median Mean sSD of logs of logs
00-05 110 31x10% 16x10-1  19x10-2 31x10-2 31x102 -39x100  8.6x10-1
05-10 4  12x102 16x10-1 8Ix102 84x10-2 71x102 -29x100 1.2 x 100
10-15 4  56x108 53x102 22x10-2 25x10-2 22x102 4.0%x100 1.0 100
15-25 4 92x104 90x102 71Ix103 60x10-3 %foV‘ 5.4 %100 1.1 5 100
25-40 4 22x10-5 33x10-% 60x104 11x10-3 x 10~ -8.0x 100 2.2 100
40--60 0 00x100  00x100 00x100 0.0x100 1nnqm0 00x100  0.0x100

00-05 110 31x10-83 16x10-1 19x10-2 31x10-2 31x10-2 -39x100 §6x10-1
00-10 4 13x10-2 13x10-1  92x10-2 B2x10-2 S53x102 -28x100  1.1x100
00-15 4  1Ix10-2 1.0x10-1 69x10-2 63x10-2 42x10-2 -3.1x100 1.0x100
00-25 4 68x10-3  67x102 44x10-2 40x10-2 2.7 x10-2 -3.5x 100 1.0 % 100
00-40 4  42x10-3 43x10-2 28x10-2 26x102 1.7x10-2 -40x100 1.1x100
00-60 0  0.0x100  0.0x100 0.0x100 00x100 00x100  0.0x100  0.0x 100
NOTE: Specific activity is decay corrected to 1995.
Na stands for number of individual samples.

Table A-6. Plutonium-239+240 radionuclide concentration summary for all soil profiles taken in the
interior of the island dwring the 1978 NMIRS together with owr recent trips from 1986 through 1992 on
Rongelap Island.

Soil

depth Bq g1 dry wt. Mean SD
(crm)  N*  Minbmum Maxdmum Median Mean SD of logs of logs
00-05 196  1.9x10-2 58x10-1 13>x10-1  16x10-1 1LIx10-1 -21x100 7.1 x10-1

]
05-10 12 775103 3.7x10-1 3.7x 102 77 x102 1LOx10-1 32100 L1x100
10-15 14 L7>%10-3  13x10-1  18x10-2 36x102 4.0x10-2 40100 13x100
15-25 14 68x104 39102 7.7x10-% 11x102 11x10-2 -50x100 11x100
25-40 15 285104 18x10-2 4.9x 103 57 x10-3 49x10-3 -56x100 11 x100
40-60 0 00x100  00x100 0.0x 100 0.0x100  0.0x100 00x100 0.0 104

00-05 196  19x10-2 58x10-1 13x10-1  16x10-1 L1x10-1 -21x100  7.1x10-1
00-~-10 11 13x10-2 23101 57x10-2  1.0x10-1  86x10-2 -27x100  1.1x100
00-15 10 98103 19x10-1 50x10-2 78x10-2 67x10-2 -3.0x100 1.0 100
00-25 9 69x10-3 13x10-1 43x10-2 54x10-2 44x10-2 -3.3x100 1.0 100
00-40 9 47x10- 84x10-2 3.0x10-2 37x102 2.7x10-2 -3.6x100 93 x10-1
00--60 0  00x100  0.0>x100 0.0x100 00x100  0.0x100 00100 0.0 104
NOTE: Specific activity is decay corrected to 1995.
Na stands for number of individual samples.
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Table A-7, Americium-241 radionuclide concentration sunmiry for all soil profiles taken in the village
area during the 1978 NMIRS together with our recent trips from 1986 through 1993 on Rongelap Island.

Soil
depth Bq g-1 dry wt. Mean SD
fem) N*  Minimurn  Maxdimum  Median Mean 5D of logs of logs
00-05 90  26x10-3 13x10-1  15x10-2 23x10-2 24 x10-2 -42x100  8.9x10-
05-10 18 64x10-3 1L1x10-1  20x10-2 36x10-2 35x10-2 -38x100 1.0x100
10-15 14 27x103 84x10-2  1L7x10-2  22x102 21x10-2 -42x100 8.7 x10-1
15-25 15  47x104 78x102  76x10-3 16x102 23x10-2 -49x100 1.3x100
25-40 6 28x10-5 29x10-2 1.0x10-3 55x10-8 12x10-2 -73x100 25100
40-60 5  4.6>x105 14103  1L1x10~4 34x10~4 58x10-4 -89x100 1.4x100
00-05 90  26x10-%  13x10-1  1.5x10-2 23x102  24x10-2 42x100  8.9x10-1
00-10 12 62x10-3  12x10-1  39x10-2 43x10-2 33x10-2 -35x100  1.0x 100
00-15 8  61x10-% B0x10-2 31x10-2 34x10-2 227x10-2 -38x100  1.0x100
00-25 6 39x10-3 56102  1.0x10-2 19x10-2  20x10-2 -44x100 9.7 x10-1
00-40 3 24x10-%  17x10-2 76x10-3 9.1 x10-3  T6x10-3 -5.0x 100 9.9x10-1
00-60 3 16x10-3 12x10-2 51x10-3 61x10-3 51x10-3 -54x100 9.9 x 10~
NOTE: Specific activity is decay corrected to 1995.
Na stands for number of individual samples.

Table A-8. Americium-241 radionuclide concentration sununary for all soil profiles talken in the interior
of the island during the 1978 NMIRS together with our recent trips from 1986 through 1993 on Rongelap

Islandl.

Soil
depth
()

l\.l';ll

Bq g1 dry wt.

Mimitnnarm

Madmurn

Median

Mean

SD

Mean
of logs

sD

of logs

00-05
05-10
10-15
15-25
2540
40-60

00-05
00-10
00--15
00-25
00-40
00-60

366
237
155
78
35

16

366
225
128
52
17
5

1.5 x 10-3
1.5 x 10-3
2.8 % 10-5
2.8 % 104
1.3 %104
1.2 » 104

1.5 5 10-3
1.6 5 103
4.9 3 103
3.5 » 10-3
243103
1.7 3 103

1 101
8.4 x10-1
1.5 % 10-1
2.1 % 10-1
1.5 % 10-1
1.8 > 102

7.1 % 10-1
5.5 % 10~
3.9x%x10-1
2.4 3¢ 101
1.1 % 101
7.7 % 10-2

9.6 x 10-2
34 102
1.8 x 10-2
7.0%x10-3
3.1 x10-3
3.3 % 10-3

9.6 x 10-2
75 % 102
6.2 x 102
4.1 > 10-2
3.6 x 10~2
1.2 3 102

1.2 % 101
5.4 % 10-2
2.8 w102
1.5 % 10-2
8.9x10-3
4.6 10-3

1.2 » 10-1
9.2 % 102
7.3 102
5.4 % 102
3.9 10-2
2.5 x 102

9.9 5 102
7.1 ¢ 10-2
2.7 s 102
2.6 % 10-2
2.4 5 102
5.3 % 10-3

9.9 x 102
7.1 x10-2
5.2 x 102
4.1 x 102
2.8 % 102
3.1 x10-2

-2.4 % 100
-3.4 % 100
4.1 3 100
-4.8 % 100
-5.7 » 100
-6.2 » 100

-2.4 > 100
-2.7 % 100
2.9 5 100
«3.2 % 100
=36 % 100
A4 3 100

8.4 > 101
1.1 » 100
1.2 5 100
1.1 % 100
1.3 3¢ 109
1.6 > 100

8.4 x 101
7.8 x10-1
7.1 % 101
7.6 %101
9.4 % 10-1
1.5 % 100

NOTE: Specific activity is decay corrected to 1995.
Na stands for number of individual samples.
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Appendix B

Concentration of radionuclides in vegetation from samples collected
during the 1978 NMIRS and from 1986 through 1993.






Table B-1. The concentration of radionuclides in vegetation collected ¢huring the 1976 NMIR

with our most recent trips from 1986 through 1993 on Rongelap Island.

LS together

Food source

Bq g1 wet wt.

Na

Mimndrnumnn

Maximmum

Median

Mean

S

Mean
of logs

5D
of logs

Dr. coconut meat 433

Dr. ooconut juice
Copra meat
Pandanus
Breadfruit
Lirnes
Arrowroof
Squash
Banana

Dr. cononut meat

Dr. ooconut juice
Copra meat
Pandanus
Breadfruit
Arrowroot

Dr. cooonut meat

Dr. coconut juice
Copra meat
Pandanus
Breadfruit
Arrowroot

Drr. coconut reat

Pr. coconut juice
Copra meat
Pandanus
Breadfruit
Arrowroot

427

108
116
40
9
5
2
1

14
3
12
13
2
1

9
3
11
6
1
1

1.0 102
33103
2.8 x 102
1.8 x 102
3.6 % 102
4.2 % 102
3.6 % 10-2
1.4 % 10-1
1.2 5 10-2

84 %1 ll[l
2.3 % 10~
3.1 10~ ‘l
#.5 > 10-4
1.6 x 10-3
2.6 1073

1.3 % 10-7
9.5 5% 10~7
5.6 5 107
1.7 % 10-7
6.0 x 10~7
2.6 x 10-%

3.4 108
4.4 ()"'7
4.3 5 107
3.2 107
74 10-7
1.3 % 10-5

5.4 % 10-1
2.6 x10-1
6.6 > 101
1.2 % 100
2.9 x10-1
7.4 102
5.4 x 10-1
2.8 %101
1.2 % 102

g J
105
104
102
I.U -3
1(-3

1.1 x
5.2 %
9.1 «
7.0 %
24
2.6x

el A o o s

3.3 % 106
1.0 % 10-6
4.6 > 106
4.4 % 106
6.0 % 107
2.6 x 10-5

35x10-6
ﬂmv106

24 w107
1.3 % 105

137Cg

5.2 x 10+
235102
B.6x10-2
1.8 5 101
1.2 5 1

5.6 5 1€
lé6x1
2.1 10
1.2 % 10-2

1
}?
0-1
]1

905y

25 %104
34 % 10-5
4.8 x 104
6.7 % 103
2.0x 103
2.6 x 103

2394240 pyy

8.7 % 107
9.8 5 10+7
1.1 5 106
1.1 > 10-6
6.0 > 10-7
2.6 105

41 Am
50 x 10-7
785 10-7
JMHHH6
86x1
74x1

|

)
)
)
)
)
1.3 » 10

(
(
(
(
(
(

i
\='

70 102
32x10-2
1.2 > 101
25 x 101
1.3 x 10~
5.7 ¢ 102
20101
2.1 101
1.2 » 10-2

3.3 %104
3.7 % 10-5
Emmw@4
1.5 x 102
2.0 % 103
2.6 x 103

1.2 > 10-6
9.8 5 10-7
l 7 x 10-6
1.6 > 106
6.0 10~
2.6 % 10-5

1.4 % 106
9.3 3 107
2.1 % 106
8.1 107
74 % 107
1.3 % 10-5

6.1 % 10-2
3.1 5 102
1.0 10-1
2.3 3101
6.8 5 10-2
9.0 10-3
1.9 5 10-1
1.0 10-1
0.0 % 100

2.5 104
1.5 5 10-5
1.9 5 104
2.1 x10-2
5.5 » 104
0.0x100

1.1 106
5.3 % 108
1.4 > 10-6
1.5 x 10-6
0.0 100
0.0 x 100

1.4 106
5.9 10~7

1.6 10-6

3.0% 107

0.0 > 100
0.0 3 100

2.9 » 10€
~3.8 % 100
2.4 » 100
1.8 » 100
-2.2 % 100
2.9 » 100
-1.9 x 100
~1.6 » 100
~4h4 > 100

8.2 100
~1.0x 101
~7.6 % 100
5.1 5 100
6,2 3¢ 1N
~6.0 % 100

1.4 5 101
1.4 w101

~1.4 % 101
=1.4 % 101
~1.4 x 101
=1.1 % 101

-1.4 % 10
~1.4 % 101
~1.3 % 100

‘4rlw
1.4 = 101
foﬂ

7.0 2 10
8.0 10
6.8 % 10~
8.6 10~
55 %10~
1.6 x 10~
9.6 x 10~
5.2 % 101
0.0 » 100

6.7 % 10-1
4.1 % 10-1
3.6 % 101
1.4 > 100
2.8 5 101
0.0 x 100

1.1 100
5.4 % 10-2
7.7 % 10-1
1.2 x 100
0.0 100
0.0 100

1.6 x 100
6.4 101
T8 s 101
4.7 w 101
0.0 x 100
0.0 x 100

Note: Specific activity is decay corrected to 1995.
N? = the number of cornposite samples.
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Appendix C

External dose at Rongelap Island in mrem.






Table C-1. External dose at Rongelap Island>.

Co annual Cs annual Total Total
Coannual  integral Csannual  integral annual integral

Years dose rate dose dose rateb dlose dose dose
mrermn y-1 mrem mrem y-! mremb e ek

Initial 0.08 0 11.2 0 11.3 0

1 0.07 0.08 109 11.1 11.0 11.2

2 0.06 0.15 10.7 21.9 10.8 22.1

3 0.06 0.20 10.5 32.5 10.5 32.7

4 0.05 0.26 10.2 42.8 10.3 43.1

5 0.04 0.30 10.0 52.9 10.0 53.3

6 0.04 0.34 9.8 62.8 9.8 63.2

7 0.03 0.38 9.5 72.5 9.6 72.9

8 0.03 0.41 9.3 81.9 9.3 82.3

9 0.03 0.44 9.1 91.1 9.1 91.6
10 0.02 - 0.46 89 100 8.9 101
11 0.02 0.48 B.7 109 8.7 109
12 0.02 0.50 8.5 118 85 118
13 0.01 0.51 B.3 126 8.3 126
14 0.01 0.53 8.1 134 8.1 135
15 0.01 0.54 79 142 7.9 143

16 0.01 0.55 7’7 150 7.7 151

(

(

17 0.01 0.56 7.6 158 7.6 158
18 0.01 0.57 7.4 165 7.4 166
19 0.01 0.58 7.2 172 7.2 173
20 0.01 0.58 7.1 180 7.1 180
21 0.01 0.59 6.9 187 6.9 187
22 0 0.59 6.7 193 6.7 194

23 0 0.60 6.6 200 6.6 201
24 0 0.60 6.4 207 6.4 207

25 0 0.60 6.3 213 6.3 214
26 0 0.61 6.1 219 6.1 220
27 0 0.61 6.0 225 6.0 226
28 0 0.61 5.9 231 59 232
29 0 0.61 5.7 237 5.7 238
30 0 0.62 5.6 243 5.6 243
31 0 0.62 5.5 248 55 249
32 0 0.62 5.3 254 53 254
33 0 0.62 5.2 259 52 260
34 0 0.62 5.1 264 51 265
35 . 0 0.62 3.0 269 5.0 270
36 0 0.62 4.9 274 4.9 275
37 0 0.62 4.8 279 4.8 280
38 0 0.62 4.7 284 4.7 284
39 0 0.62 4.5 288 4.5 289
|

40 0 0.62 4.4 293 4.4 293



Table C-1. (Continued)

Co annual Cs annual Total Total
Coannual  integral Csannual  integral annual integral
Years dose rate dose dose rateb dose dose dose
e -1 mresn norenn -1 mremb e nmwernb
41 0 0.62 4.3 297 4.3 298

42 0 0.63 4.2 301 4.2 302
43 0 0.63 4.1 306 4.1 306
44 0
)

) 0.63 4.1 310 4.1 310

4% 0 0.63 4.0 314 4.0 314
46 0 0.63 39 317 3.9 318
47 0 0.63 3.8 322 3.8 "SI?Z?
48 0 0.63 3.7 325 3.7 326
49 0 0.63 3.6 329 3.6 "i"HJ‘
50 0 0.63 3.5 333 3.5 333
51 0 0.63 3.4 336 3.4 337
5 0 0.63 34 339 340
0 X 343 343
0 3.2 346 347
55 0 0.63 3.1 349 %UU
56 0 0.63 3.1 352 5
57 0 0.63 3.0 355 356
58 0 0.63 2.9 358 359
59 0 0.63 2.9 361 362
60 0 0.63 2.8 364 365
61 0 0.63 2.7 367 367
62 0 0.63 2.7 370 370
63 0 0.63 2.6 372 373
64 0 0.63 2.6 375 375
0 0.63 2.5 377 378
0 0.63 '14l 380 380
0 0.63 382 383
0 0.63 385 385
Ht 0 0.63 g7 387
70 0 0.63 389 390

Divide mrem values by 100 to obtain mSv.
"l]urnf-ﬂ :IL["I'ILIJE]I!I"!LI'III 1F|1E'1u1ns=:=. are ]Lu:ntmdl on lv 'h:) s]m:wv' the actual annual difference. The results are
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Mathematical Appendix,






Appendix D

To evaluate Eq. (4), D,(#) and D;,(t) were approximated as
. 2.88x10° SvyT T
) = 7 B iﬂbmﬂ‘“] and : (A1)
A ) ‘
D, ()= (2.848 x10° cSv y™)t + (4.333 x 107 Sv y )¢ (A2)

corresponding to population-average adult external-gamma dose (Figure D1)
and deterministic Am+Pu-inhalation dose (Figure D2) , respectively,
predicted by the more complex ICRP models. To proceed with the evaluation,

define annual intake R; of 1%7Cs in qukfv'Vy1‘ﬁnwnul@mﬁdi&mmd$1mftymmaj'&mmd

‘ n:;‘ N

o " 3 o
corresponding total annual nu(.,nmlakf'um‘1x=m=}, ----------- R and R = } R; ,
unnd 1"\ . Ill
i bl J

respectively. From Egs. (1-3) and the notation, assumptions and definitions

given above, integrated whole-body dose, Q;() after ¢ years due to ingestion of

137(Cs in a food item of type j at time ¢; 1 is given by

h:ﬂf‘m:J(”J‘JﬂHbH
- CFBR.. (‘,--;:.1- (1-¢ ~(BK + A)(t-T »H 43
R B TS | .
:»ﬂllﬂwwm (A4)

where T =1;, 5 in Eq. (A4) is defined as the quantity in braces in Eq. (A3), and
where ¢ = 2.431 x 104 ¢Sv kg Bq! y'1 was estimated from values of
cumulative whole-body-equivalent dose for adults of age 20 to 50 y that are

approximately equal to those obtained using the more complex, organ-specific
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Figure D-1. LLNL/ACRP model of cumulative, expected, population-average
Am+Pu inhalation dose (solid points) corresponding to hypothetical
residence on Rongelap Island starting in 1995, compared with exponential
approximation (A1).

...... r ]
g b v
0 0.3 P o
¢) "

. (.08 r

o 0.25 o

o !,dil"i' art
':EE; 0.2} o .""I,.II!""-

A A

q:) . ’! Ay
.;E!: 0.15¢ ‘!’Ji,r‘i' "I',ll!"l'

5 , »

y i i
-!:EE 0.1¢ 2 "

= S

E I3 L

=5 0.05 Y o
) ,ﬂ!‘“

‘:' r
5 10 15 20 25 30

Time (y)

Figure D-2. LLNL/ICRP model of cumulative, expected, population-average
external gamma dose (solid points) and 137Cs-inge 1 dose corresponding to
hypothetical residence on Rongelap Island starting in 1995, compared with
quadratic approximation (A2) and the population-average value of stochastic
model (A6) (open circles), respectively.
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ICRP model for 137Cs referred to in the text (Figure D1). For large n; and for #;
distributed randomly throughout each year, it follows that total integrated
whole-body dose Q(#) in Bq kg-! after ¢ years may be approximated by the

quantity

" f 1
FB I cyRSy=FBX, (A5)

where X is here defined as the braced quantity and where the variate T,
subsumed in S, is here-in contrast to Eq. (2) above--uniformly distributed
between 0 and ¢.

Based on Eq. (4) and the preceding analysis, interindividual variability
in expected dose (D(#)) by time ¢ was characterized by evaluating

(D(1)) =[(0.36 + Y)D,(£) 1+ D, () + {F) | 1 t(R] m , (A6)
-

in

in which Y was defined in the text and (S) , the expectation of § with respect

to both T and B, is given by
‘ (=) o

(5)=1 4 DB+¢ (B ~Eilb)] -Ei(c )+ Eilcy) ¥ Ln(e, / )
= ABKAL '
1!7’ . ﬁ' J!‘ lf i == 'U',r ‘l 7

¢ = 1!1'..‘ /l,‘. i== '[]', 1, and

AB = (B, ~ By) = (1107 - 0.9) = 0.207

in which Ei is the exponential integral. As such, variability in (D(t)) arises
from uniform variability in F and lognormal variability in both (R) and H

(see text). Uncertainty in population-average dose D(t) was characterized by

evaluating

B+ D () + ]

in

, (A7)
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where the uncertainty arises in part from the uniform and triangular
uncertainties assumed for F and B, respectively (see text), in addition to
uncertainty is associated with the variate X associated with X defined in Eq.
iUMﬂﬁ]uﬁlhesmbwwﬂﬂqpcmwavaﬂamHmMMWQarwnﬂﬂewmhmypmmMﬂnm;M)a
particular individual in the exposed population. Thus, X, =XI{R =R, H =
Hp} and (X, 1§ ) is the sum of a presumed large number of identical
independently distributed random variates. From the Lindeberg and Central
Limit theorems, it follows that (X, 18 ) is approximately normally distributed

with mean and variance given by
L.,, "N " " ) A\ o \ e
<AMW“W&MWW>MM

#:ﬁw>yym|

\1/2
mnﬂ| = 0.035

is the CV for uncertainty in any individual’s lifetime, time-weighted average
intake based on the assumptions stated in the text and the values listed in
Table 20. If population size N is sufficiently large to ensure that the
differences between sample first and second moments with respect to

variability and their corresponding population moments are negligible, it

follows from the definition of variability expectation that uncertainty in 3

is approximately normally distributed with mean and variance given by
................ 1 4 X
\ ... ‘ g 'yl 2\ P ‘AR
f'\ 1“’ ---- Nr 4!...1‘ X Ij!]‘)' Ln!“‘ﬁ' >1~u|‘“ and (A8)
P
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(A9)

respectively, where

(S1B) = WBK +)tT “I[ - AT (PR g )‘(AIEIJIEC')""’WI, and
..:» ||‘!i; ’ :::::\( "i K - ‘4l ) Z {f [")x);l':’;-tl +e laz![l[ Ve PK2 ’N{,.,,"i i
.-;‘ e S ][jq( BK ~ A)™ -(fi!'.)iL,)""]’} "

The averages {(Sf)and {'.!.» M) with respect to H were each evaluated

numerically for different B values equally spaced over the 1r:au:|.;g;@ of B,

whereupon it was found that oyt V2 is for each given ¢ ,0 <t <30y, a

virtually linear function of {XIBY"* over a B - and t-dependent range of the
Y Al J F bt

latter, and furthermore that corresponding (XIf}¥" values are virtually
uniformly distributed over these linear ranges (Figure D3). The linear
coefficients {a,blt} and corresponding (i’lfi)i* -range boundaries {xy, xn )}
were therefore determined for representative values of t and these were used
with mean = Ut and SD = 1/2(a + bll), for U uniformly distributed between x;,
and xy;.

All variate simulations were conducted using virtually uncorrelated

1§
vectors of 2,000 or 10,000 values for each variate involved, generated using
systematic Latin-Hypercube sampling procedures. Calculations were done on
a NeXT workstation using the programs Mathematica (Wolfram, 1991) and
RiskQ (Bogen, 1992). Analyses of quantile convergence indicated that 0.01- to

0.99-fractiles obtained are accurate to within ~1 to 5%.
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Figure D-3. The standard deviation (SD), denoted o in Eq. (A9), as a
£

function of the corresponding Expectation, denoted (.Jii.'u.ifj; in Eq. (A8), where
these quantities are normalized by t V2 and by t, respectively, evaluated for 13
values of time ¢ ranging from 0.5 to 30 y (corresponding to 13 sets of connected
points shown) and five equally spaced values of § in the range 0.9 to 1.107
(corresponding to each set of five points, which points are here shown
connected by simple linear interpolation). The relations are approximately
linear for given t, which is wseful in numerical calculations (as described in

the text), but they are rather nonlinearly related to 8.
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